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ABSTRACT

Magnetic air bearings for use as low friction
overhead support fixtures in a vertical lunar gravity
simulator are investigated, This device consists of
a flat magnetic disc with a central air orifice., The
theoretical analyses of the air becaring are in good
agreement with experiment, Theoretical magnet force
ranges from 15% to 35% above the experimental value,
Disc ceramic magnets are theoretically optimized
based on maximum force-to-weight ratio and design

curves are presented,
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1,0 INTRODUCTION

In preparation for man's planned trip to the
moon via the Apollo space program, there have been
recent efforts to design and build lunar gravity

simulators,

The purpose of this thesis is to analyze and
design a device known as a magnetic air bearing,
which is a component of such a simulator, The mag-
netic air bearing is used as an overhead support at
ceiling level, This device allows a supported object
to move freely with minimal friction, The test sub-
ject is suspended from constant force springs in a
marionette-like fashion, These springs, which are
connected to magnetic air bearings, negate 5/6 of the
subject's weight, A detailed description of this sim-

ulator is given in The Design of a Vertical Lunar

Gravity Simulator by R. J,. Morgen.(l)

As an overhead support, the magnetic air bearing
yields three degrees of freedom. The first two de-
grees are horizontal translation in a plane parallel
to the céiling. The third degree of freedom is rota-

tion, either clockwise or counter-clockwise,



The device is structurally simple, It consists.
of a flat disc with an air orifice at its center, A
permancnt magnet is imbedded in the disc and an air
line feeds compressed air to the orifice, When the
magnetic air bearing is placed in contact with an over-
head steel plate and air pressure is applied, the de-

vice will float at some small distance from the ceiling.

In this operating mode, the magnetic air bearing
is capable of stably supporting a load, It can be
said that the magnet develops the lifting force and
the air flow stabilizes it, Although this comment
refers to static stability, no problems have been en-
countered with dynamic instability; and the chosen air
bearing design has proved to have very good dynamic

(2)

characteristics when compared to other configurations,

A dynamic analysis of the vertical suspension-
type simulator was conducted for the purpose of evalu-
ating simulator performance, An abbreviated version

of this analysis is given in Appendix A,

As the result of calculation based on this work(l)

it was found that the degree of simulation attained



was a critical function of overhead weight, Thus,
from the standpoint of simulator performance, the

magnetic air bearing should have minimum weight,

The analysis of the magnetic air bearing system
will consists of detailed separate analyses of the air
bearing and the magnet, The main objective of these
analyses is to determine the respective force-versus-
gap characteristics for both the components, Once
obtained, the force characteristics can be summed,
resulting in the overall force-versus-gap characteris-

tic of the magnetic air bearing,



2,0 THEORETICAL AND EXPERIMENTAL ANALYSIS OF THE

AIR BEARING

The air flow model is shown diagrammatically in

the following figure:

LA /// / LY

Shock Wave) h

e //// T
:

— Ts

Externally pressurized air is introduced at the
bearing orifice, The subsequent developed pressure

forces the bearing surfaces apart,

As the supply pressure is increased, the radial
velocity at the orifice radius will increase to the

specd of sound; and, at larger radii, the fluid



velocity will be subsonic, If the supply pressure

is increased beyond this point, the flow at the orifice
radius will remain sonic, However, at larger radii,
the flow will accelerate to supersonic velocities,(3)
If supersonic flow does not exist at the outer

radius of the bearing, a normal shock wave will

occur at some intermediate radius between the inner

and outer radii of the bearing, In reality, a

series of oblique shock waves rather than a normal

shock wave will occur,

The main purpose of the following analysis is
to determine the external load characteristic of
the air bearing. To accomplish this goal, the
pressure distribution between the bearing surfaces

is analyzed,

Assumptions

The following assumptions are made in the

analysis of the air flow between the bearing surfaces:



The gap between the disc and the surface

is of constant thickness,

The flow consists of supersonic and

subsonic regimes,

The flow entering the supersonic region
is choked and therefore has sonic

velocity and critical pressure,

The flow in the supersonic region is
adiabatic radial flow with friction

at the walls,

The flow in the subsonic region is

isothermal,

Inertial effects in the subsonic

region are negligible,

The flow in the subsonic region is

laminar and fully developed,

The flow is steady,



&
\

9.

10.

11,

12,

13,

14.

A normal shock wave separates the super-

sonic and subsonic flows,

Relative velocity of the pad and surface
is small in comparison to fluid velocities

and therefore can be neglected,

The annular area between the central
orifice and the surface is the limiting

area of the flovw,

The working fluid is a perfect gas,

The flow is radial,

The fluid in the subsonic region is

Newtonian.,



2,1 THE SUPPLY ORIFICE

The goemetry of the supply orifice is shown in

the following figure:

.’/////Z///J///q\//[

TTT T sl 7T T T

Py

Given this geometry, it is possible to have
either the circular area CW%;*‘) or the annular area
(2ffe;h ) be the restricting area of the flow. In this
analysis and subsequent design, it will be assumed
that the annular area will be smaller than the cir-
cular area and will therefore restrict the flow,

Mathematically, this constraint can be stated

S > | (2.1)
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In addition, it will be assumed that the flow
is always choked at rj, and therefore a Mach one
condition exists ét this radius, The theoretical
requirements for choking to occur are presented in

Section 2.3,

The following figure shows schematically a

possible flow condition in the region of the supply

orifice,

///////////////// [L/

-
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l-a">

M>1 'M<1

2
//f////
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As the flow enters the bearing, it is forced
to negotiate a right-angle turn around a sharp
corner, In the process of turning the corner, the

flow would expand to a relatively high Mach number



locally and consequently have a low static pressure,
As opposed to this train of events, it is hypothe-
sized that the flow actually separates from the lower
bearing surface at the supply radius and passes into
the bearing in smooth streamlines rather than around
a sharp right angle.(4) At some radius larger than
the inlet radius,; the flow will attach itself to the
lower bearing surface, If this separation does indeed
occﬁr, the limiting area of the flow will be somewhat
less than the annular area (gjrfih ) and the Mach. one
condition will not necessarily exist at the inlet

radius,

A theoretical description of this flow separa-
tion will not be presented, However, its effects on
the flow a2t radii larger than the inlet radius will
be included, The Mach one condition will still be
assumed to exist at the inlet radius, Howevér, the
- limiting area of the flow will be modified by an
experimentally.measured discharge coefficient, It
is this discharge coefficient that will contain the

net effects of the presence of the separation bubble,

10



el

Since it has been assumed that the flow condi-
tions are critical at the inlet radius, we can write

the following expression for the inlet mass flow:

(2.2)

G=Cd am r»;kf*q"'

11



2,2 ANALYSIS OF SUPERSONIC FLOW

Consider the forces acting on the elemental

volume shown in the following figure:

/l\.

P

The sum of the forces acting on the element in

the radial direction is given by

2 Fortes = -r'_)c)_E- dl“da;\"g/rf‘cl@clf‘
r

The momentum flux through the control volume

surfaces is given by

AMom. = /Or‘uiﬂ— drdoh +u }"c!r'ABIn'“ur drdoh

12



The statement of conservation of mass for the
element is given by

f'ﬂ o)u dr .-,,,,A ’D dr '-“ﬂt(clr

-
-

Using the continuity expression, the change

in momentum can be simplified to

OAMom. = 7"141“:%:— dro\ 3!’)

The rate of momentum efflux is equal to the

net force acting on the fluid within the control
volume,

The following momentum equation is there-
fore obtained:

f Au . P 27

e

or h

The assumption is now made that pressure

density and velocity are functions of radius only,.

P= P(n)
= J$(r)
u = u(P)

13



The momentum equation can then be rewritten

without the partial derivatives

fq du - _dP _ 27T (2.3)
dr

The drag coefficient or friction factor is now
introduced, This friction factor is defined as the
ratio of the shear stress at the wall to the dynamic
head of the stream or, in other words, it is a measure
of the relative significance of the viscous and

momentum effects,
£ = l/fql/’l (2.4)

The friction factor is known to be a function
of the Reynolds number and the relative roughness
of the surfaces, In this analysis, however, the

friction factor will be assumed to be a constant,

Upon substitution of Equation (2.4) into the

momentum ecquation, we obtain

ar h

ju-ﬁi:‘f-: nﬁ_jﬁ (2.5)
G

14



The ideal gas law is given by

P =j’ F?jT (2.6)

The energy equation for steady adiabatic flow

of a perfect gas is written
_‘1‘_‘)
Cp dT -‘rA(a =0 | (2.7)

Taking the logarithmic differential Equation
(2.6),

4P . dp 4T
P4 T

and upon solving for the temperature differential,

we obtain

dT=dP _ Pd/_
f}?g R}a— (2.8)

Substituting Equation (2.8) into the energy

equation, we obtain

-%& 4(—5—)+J(—‘§5) =0

15



This expression is integrable, Integrating from

the orifice radius,
4 AG) - )
Rj P j . * A

At the orifice radius the flow is choked, and

therefore,

_K__
_P* _ (4—1.) K-1
Po - K1
(P ,
—-.i_z_c... = (.__"?:,___) K=l
0 ;\-‘
y& =Y BEL

In addition, it can be easily shown that

Gep_ . K
R_g K-|

The energy equation can now be written

V) ,,,ff (R u? (2.9)
p<3 s aK

16



The statement of continuity can-be expressed

- ' , K P
“s4- Lo/ Rpryge (2.10)

Substituting the above equation for radial

velocity into Equation (2.8), we obtain
- " o “
) E ) - (o
a&/\r) P Y 7’ ol P

Solving for the density ratio,

37 2l () () () 5

(2.11)

1 (K-1) (5)* 5

Since the density ratio must always be a
positive quantity, the negative sign in front of

the radical has no physical significance,

Now, defining a parameter,

17
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VI N () e

¥ is a function of the radius and of pressure,
However, since the pressure can be expressed 2as a

function of radius,

V=4(n)

Now we can relate the pressure, density and
velocity toV¥ and radius. Solving Equation (2.12)

for the pressure ratio, we obtain

I _.Q,L.,./‘ [ K-l (2.13)
P‘?’- r q);\_l

Upon substitution of Equations (2,12) and (2,13)

into Equation (2.11),

7 . Loy (K=1) (¥ +1) (2.14)
4% r (Re)(v-1)

18



Substituting Equations (2,13) and (2.14) into

Equation (2,10),

(K+1)(w-1)
(R-1){¥+1) (2.15)

el

Defining the following dimensionless parameters,

L] I 1
o "0

\

>

i
N
\
L
P

114
D
\
el

The momentum equation can be normalized

' - - L —
—_— .n....... 2 u :; (] CM .

K ({n : }) -7 (2.16)
where

19



Equation (2,13) can be rewritten in normalized

form as

K2~
el

Si1|—

5 -

Upon differentiation,
dP _ ““J‘“T/Ka"’ /K2 SV--‘H-
dr p: Vo Aly>1)% " R

From Equation (2.15), the normalized velocity

is given by

- ( K+1) (¥-1)
W2 (k=) (1)

Upon differentiation,

._Cu_:.- 4/ R+l | Aqy

Y S R U e T

20



Now upon substituting these derivatives into
the momentum equation, we obtain the following non-
linear differential equation iny and T:

v

K07 -7 ) (k1) # D) *fpri) =0 20

Once the above equation is solved for ¥ and the
resulting solution is substituted into Equation
(2.13), the supersonic pressure distribution can be
obtained. At this point, the supersonic flow problem
is solved with the exception of the solution of
Equation (2.17). Since a closed form solution of
this equation is probably impossible, it was solved
numerically, This solution is discussed in Section

2.5,

21



2.3 THE SUBSONIC FLOW REGION

The assumption that the subsonic flow is iso-
thermal can be verified by the following order-of-
magnitude argument, We know from the laws of transient
heat transfer that, if a slab of material isA T above
or below two constant temperature boundaries, the
temperature differential at the center of the slab
will decrease to AT/3 in the time given by the

following equation:

Ce £h>
Kq

Now, if we can show that this time is much less

Te = 0.3

than some mean time necessary for the gas to traverse
the bearing, the isothermal assumption is verified.
The following expression will be used to represent

this traversal time

L
T ==

vhere L is distance representing the length of the

bearing and u is some mean subsonic velocity,

22



Typically, T, is of the order of 31%'seconds,
whereas T¢ is of the order of 1501% seconds, There-

fore,

Te >>Te

and heat will be conducted away faster than it is
produced., The subsonic flow is therefore considered

isothermal for all practical purposes.(s)

Consider the infinitesimal fluid element

shown below:

z 4 T ; e
h 3 bge— irar
: )
j( u — u*a‘f“d)‘
q-"

ar &

23



The requation for static equilibrium of this

- fluid element can be written:
JP
AQPrd &2 -2 (P+ Jr dv)(redn):

o2 + &(P"‘S)?E %)(N&Y’—f)'

oz al(rw——*- dedr = O

Or, upon simplification,

~3r L ar\ drdez_ R’Frﬁdaéf““ (2.18)

Using Newton's equation relating shear stress

to rate of strain,

24



T o vy S8 (2.19)
j( Jz '
and combining Equations (2.18) and (2,19), we

obtain

dP

2
0!“""‘;;/—' (QZ. o

Integrating this equation with respect to z and

applying the boundary conditions,

Then the integration constant can be expressed

1 dP JRES

e ————

R T PR

25



The velocity distribution across the gap can

now be written

u = ! dp[& b2
ad( P -2 - ] (2.20)

This result gives the parabolic distribution

shown in the previous figure,

The average velocity across the gap is given

N h/a. J
Y ave = h Uaz
"‘/a.

- hz. Jp
12y dn

“QV&

The expression for conservation of mass is
..'
f Uave, I' = Lonsl.

From the equation of state and the isothermal
assumption, the following barotropic relationship

is derived:

26



Y

,E. = conﬁﬁ
7

Then, upon combination with the continuity

equation, we obtain
= CGo
P“cwe, n

where cg is a constant, Or, upon substituting for

the average radial velocity,

1224 Co 4o
P(!.P = - "2- r

Integrating, we obtain the following equation

for pressure:

C, :2‘1'"( Co
& J, =

and

27



=ae,

Then,

P?=c, dnpr +eg

Now applying the boundary conditions at the

shock wave and outer diameter of the disc

P =P N

P = Pq at  p= R

The equation for the pressure distribution

becomes
P 3 fi- (e ]e(n/ns) &
Pd ln(Rﬁx

(2.21)

Now that the pressure distribution is known,
the average radial velocity and the mass flow rate

can be calculated,

The gradient of the pressure with radius is

28
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iRy

dp [ pa®-p?]

[ e

dr T AsP An(ffrs)

Then the average radial velocity is given by

u o hxLPatePat]
Wi rP Inlgjes) (2.22)

The mass flow rate is
G = f gy 20 h (2.23)

Using the ideal gas law to eliminate the density
and substituting Equation (2.22) for the average velo-
city into Equation (2.23), the following expression

for the mass flow is obtained:

_qrh® [Pd2-Po? ]
124 RyT Ja (Rfns)

(2.24)

The determination of the conditions necessary for
choking to occur at the inlet has been postponed until
this time because it is necessary to have an expression

for the subsonic average velocity distribution,

Assuming that the supply pressure is not high
enough to permit choking, the entire bearing will be

subsonic, The radial fluid velocity at the supply
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orifice can then be expressed as

. ha"(P‘a."Pc-a)
Uqpe! =
").Lj.!(' P -?n( Ip,)

vhere the subscript i designates the condition at
the supply orifice, The local speed of sound at

this point is
[ B2
e, =4/ K ,3‘*:*

Using the barotropic relationship derived from
the isothermal assumption, the speed of sound can

be rewritten as

) Po,
K To

The Mach number at the inlet is then given by

L;a'(F% ~ - F%L')
ml N ‘?IIIZP:P ﬁf\ nl"; /\/}\ pyoo (2,25)
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The minimum pressure at the inlet radius at
which choking will occur is given by the solution of
Equation (2,25) for P; with the Mach number set at one L6)
The equation for Pj can be expressed in the following

binomial form:

asry W (Rln) o W p;"'"‘“"
Pi*-Pi -I: [ L -Pu* =0

h&

Or, upon solving for Py,

P; = [c"-‘"f./.-{r’.' In (R/p;) W’%‘;—-]
| = o

(2.26)

-:-J..’(/[:ub'm; In (ﬂ/m') /]/ V‘p“/j& :]a_,. Llpap‘
A R '

The negative sign in front of the radical is
not considered because a negative absolute pressure

has no physical significance,
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Now that we have the pressure at the radius
necessary for choking, the minimum supply pressure
consistent with this value of Pj can be calculated

from the following equation:

F> Kal AN
omin - p{ a (2.27)

At this value of supply pressure, the condi-
tions at the inlet orifice will be critical, How-
ever, the flow throughout the rest of the bearing
will be subsonic, At supply pressures greater than
Pomin, the conditions at the inlet orifice will
still be critical, However, the flow will accel-
erate to supersonic velocities and then shock
to subsonic conditions at some radius larger than

the inlet.
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2.4 THE SHOCK WAVE

It has been assumed that a normal shock wave

ties the two flow regimes together,

The equation for a normal shock wave in a per-

‘fect gas relating the pressure-ratio across the

shock to the upstream Mach number is(7)

!d, - QJI\ ML(:L — K"'

-

Pu K+ K+] (2.28)

The upstream Mach number is given by

My = %?ﬁ"‘

Then, using Equation (2.10), we obtain

where

. % &% -
Mu = 2 /..B...i.f... (2.29)
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Upon substitution of Equations (2.13) and

(2.14) into the above equation, we obtain

. W
My = K]

Then the pressure ratio across the shock wave
can be written in terms of the upstream value of
the function HJ .

Py AR (Var) K-l
Pu (K?*-1) K+l (2.30)

The expression for the mass flow in the sub-

sonic regime is given by

G = T h3 [Pcl,a"’Paa..J
122 ReT In (Rfrs)

Upon equating the mass flow in the subsonic

and supersonic regions

34



'ni-n

i3 (FI*-Po?)

Ld s u™ adraih =
/ ' 134

SOIV1ng for the downst

Pl ;fpan 20 BT Sulefec)ifket

r':.f] ‘i In {R/r's)

gzl pressure

£3

For a given geometry,
the downstream pressure to

shock wave,

If Equation (2,30) is

dovnstream pressure,

TR (2.31)

Ecuation (2.31) relates

the position of the

zlso solved for the

P - F*m 284 [ —{¥u=1)

(k-1)

(Far1)(k?-1)

35

O
(RO (2.32)



where Yu is a function of rg only,

The simultaneous solution of Equations (2,31)
and (2.32) for rg gives the position of the shock

wave,

Since the function ¥ is not known explicitly,
a closed form solution for the shock wave position
in terms of the other parameters of the system is
not possible, These equations, however, have been

solved numerically for specific cases,
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2,5 THEORETICAL LOAD GAP CHARACTERISTICS

The three major independent variables which
determine the load characteristic of the air bearing
are the orifice radius, the outside radius and the
supply pressure, Other parameters such as supply
temperature, ambient pressure and ambient temperature
will be relatively constant during the operation of
the device; and, therefore, the effects of these

variables will not be considered,

Method of Solution

Because a closed form solution for the bearing
load characteristic was not considered feasible, the
problem was solved numerically using a digital

computer,

This computer program is presented in Appendix
B. A simplified flow chart for this computer program
is shown in Figure 2.1, The approach taken was to
first determine whether or not the flow at the orifice
radius is sonic at a particular gap, If the flow is

not sonic, the pressure distribution under the bearing
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is calculated for subsonic flow and then integrated
nunerically to obtain the load., If the flow at the
orifice radius is determined to be sonic, the super-
sonic pressure distribution is calculated, This is
done By solving Equation (2.17) with a finite differ-
ence technique, The method of Milne was chosen for
this task., This method, as applied to the solution
of Equation (2,17), is presented in the following

discussion,

Since the first derivative of ¥ with respect to
T is infinite at the orifice radius, it was necessary
to consider T as a function of ¥ rather than the con-
verse in the vicinity of the orifice. The following

Taylor series was generated for T near the orifice

radius: [ &a, )q
Fe | wdE | (vew) &7 teov)®
r | }.J-‘l"li (‘V ‘1’,)-:- U’”‘I;-’(i?f—"
- (2.33)
SO0 w0 | (g

.3 : dyH

Ly Y

The boundary condition on the functionV is

Pek oo R
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%) is now increased incrementally threce times and
T is evaluated at these values of V.
Y, = @ ap
‘Fi = qﬂ A
¥y = Yuva
From Equation (2.33) we obtain Trj, T2 and T3 for
each value of ¥, The first derivative of ¥ with

respect to T can now be evaluated from

dr . WK

& F (1) (k1) = 2 (g) (1) (2.34)

The fourth value of T can be predicted using

the following equation:(s)

47 dr v
, v ( &ﬁ/ "755- i-grﬁjy-s )

or, in general, the (n + 1)th value of T can be pre-

dicted from

- - Ua [ 4 dr 7 ) = (2.35)
R e <. N e LA NN L0 PR Y <% o
113 7] n-3 3 (-4
Ry el oV - Y "

Once the (n + 1)th value of T is determined,

the corresponding value of the first derivative can
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pe calculated, Based on the (n + 1)th value of the
first derivative, the (n + 1)th value of T can be

checked using the following closed formula:

(L dF

N

(2.36)

- - - D t.l-;

——

o b (‘»\--‘:
Toet = Ty 7350 T + 1t

n-§ éﬁ')

)
n nerl

This procedure is then repeated until the value

‘of Fn+1 is within an acceptable agrecment with the

preceding value,

At some convenient radius larger than the ori-
fice radius, the technique given above is stopped and

Vis considered as a function of T, This is necessary

because gets very large and would cause computer
overflow, The equations for predicting the (n + 1)th

value of Y are the same as Equations (2.35) and (2.36)

with T replaced by ¥ and-ﬁdl- replaced by»égg- .
dv d.v

For each step in radius, the pressure is calcu-
lated using Equation (2.13), In addition, a test is
nade to see if the conditions are right for the shock
vave to occur, This test consists of searching for

the point at which Equations (2.31) and (2.32) are
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simultaneously satisfied., Once the shock wave occurs,
the subsonic pressure -distribution is calculated and
the entire pressure profile is integrated to obtain

the load.

Theoretical Results

For Mach numbers greater than one and gap Rey-
nolds numbers varying from 25,000, to 7,000,000,,
the friction factor will vary from ,002 to ,003, (9)
Theoretical gap Reynolds numbers in the supersonic
region vary from a high of approximately 70,000, to
a Iow of 4,000, Since the friction factor is some-
what of a weak function of the Reynolds number, a
constant value of 0025 was chosen for all the

theoretical calculations,.

The discharge coefficient of the orifice was
experimentally measured, It was found that this
number was not a function of gap from 0 to 20 mils
and had a value of approximately .8 in the orifice

range considered,
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Figure 2,2 shows a typical theoretical pressure
distribution under an air bearing., It should be
noted that at 1 mil the flow is completely subsonic,
and thus no shock wave is present, At the larger
gaps the flow has a supersonic region followed by a
shock wave and a subsonic region. As the flow accel-
erates to supersonic velocities, the static pressure

drops quickly to values below atmospheric pressure,.

Because of the low pressure in the supersonic
region, the air bearing in some cases will be able
to support a load directed away from the bearing

surfaces,

Figure 2,3 shows the theoretical shock wave
position as a function of gap for an orifice radius

of ,156 inches and an outside radius of 3, inches,

A typical theoretical flow characteristic for
a discharge coefficient of .8 is given in Figure 2.4,
Since the discharge coefficient is assumed to be
independent of gap, the flow rate increases linearly

with gap,
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A typical set of load-vefsus-gap curves is pre-
sented in Figure 2,5, At small gaps, an increase in
supply pressure causes an increase in negative load,
The negative sign indicates that a compressive load
js being applied to the bearing. Also, an increase
jn supply pressure results in an increase in positive
load carrying ability (force tending to pull the
bearing away from the surface)., As has been previ-
ously mentioned, this effect is caused by subatmos-

pheric pressure in the supersonic region.

The positive force region will not be used in
the magnetic air bearing design because the force
gradient, or stiffness, is low; and a magnetic air
bearing operating in this region would fall from the

ceiling on reduction of air pressure,

Since the evaluation of the air bearing force
characteristic is the main objective of the air flow
analysis, detailed theoretical load-versus-gap char-
acteristics are presented in Appendix C, These
characteristics cover the following independent

variable values:
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Supply Pressure: 50, 70, 110, and 150 psig

Orifice Radius: .0313, ,0625, ,0938, ,125,
.156, and ,188 inches

Outside Radius: 1., 2., and 3. inches

Since the magnet will develop all of the magnetic
air bearing's holding force, and since this force
decreases with increasing gap, it is desirable from
the standpoint of maximum developed force to operate
at minimum gap. There is, however, a practical limit
to this minimum gap due to surface tolerances, This
limit is approximately 4 mils, This, as well as
other practical magnetic air bearing design consider-

ations, will be discussed in more detail in Section 4,

Because it is desirable to operate the bearing
as close to the surface as possible, the designed
gap operating range of the device will be in the area
of from 4 to 6 mils, In this range, the slope of the
air force-versus-gap curve, or stiffness, is important
because it is a measure of the stabilizing effect that
the air bearing will have on the magnet characteris-

tic, The parameter called stiffness will hereafter
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be defined as the secant slope of the air force-

versus-gap characteristic from 4 to 6 mils,

It is desirable from the standpoint of stability
alone to have as large a stiffness as possible, How-
ever, in a design of a magnetic air bearing, certain
compromises must be made for the sake of practicability
which will 1imit the stiffness, These limitations

will be discussed further in Section 4,

Theoretical stiffness-versus-orifice radius
curves are presented in Figures 2,6, 2,7, and 2,8,
It can be seen in Figure 2,6 for a 3-inch outside
radius and in Figure 2,7 for a 2-inch outside radius
that the stiffness varies almost linearly with ori-
fice radius and increases with supply pressure, The
stiffness for a l-inch outside radius, shown in Figure
2,8, increases with orifice radius out to ,09 inches
in the supply pressure range from 50 to 150 psig. At
this orifice radius and a supply pressure of 150 psig,
the stiffness reaches.a maximum and begins to drop
off, This also déccurs at an orifice radius of ,11

for a supply pressure of 110 psig. The reason for
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this loss in stiffness with increasing orifice radius
and supply pressure is that the shock wave has
approached the outside radius of the bearing and the
flow regime is completely supersonic, As has been
mentioned, the supersonic flow has associated with

jt a low static pressure, It is therefore possible
with a l-inch outside radius to obtain a higher
theoretical stiffness with a lower supply pressure,

If supply pressures in the range of 110 to 150 psig
are used in a l-inch outside radius bearing, the
orifice radius should not excécd the radii of these
maximums, This limitation would also have been
observed for the 2- and 3-inch outside radius bearings
if the orifice radii had been increased to sufficiently

large values.,

Figures 2,9, 2,10, and 2,11 show stiffness as a
function of outside radius for ,0625", ,09375", and
«125" orifice radii respectively, For all the
parameter ranges considered, the stiffness increases
with the bearing's outer radius, The low stiffness
shown in Figure 2,11 at an outside radius of 1 inch

and a supply pressure of 150 psig is again caused by
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the shock wave,

Another parameter which should be investigated
is the "no load gap'" or the theoretical gap at which
the air bearing would float if it had zero weight,

In order to utilize the magnet's force to its full
potential, it is desirable to have the no load gap

as small as possible without exceeding the practical
limitations of the system., No load gap as a function
of orifice radius is shown in Figures 2,12 and 2,13,
It can be seen from these figures that the no load
gap generally decreases with increasing orifice
radius to some minimum. It also should be noted

that this parameter increases with increasing outside

radius and decreases with increasing supply pressure,
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2,6 COMPARISCN OF THEQRETICAL AND EXPERIMENTAL

RESULTS

The experimental investigation of the air
bearing's characteristics was conducted using the

apparatus shown in Figure 2,14,

The pressure distribution under the bearing
was measured using a sliding plate with a ,013”
diameter hole in its surface, This hole was con-
nected by a line to a pressure-measuring device, By
sliding the plate under the bearing, the pressure
can be measured at any radius, The sliding plate
pressure-mcasuring device and a typical test air

bearing are shown in Figure 2,15,

Figure 2,16 shows some typical bearing pressure
profiles and compares them to the theory, It should
be noted that the largest error between theory and
experiment occurs in the subsonic region at low gaps
and small radii, This error is caused because as
the air gap decreases, the entrance Mach number to
the subsonic flow regime increases, In fact, if the

gap decreases to the point where the shock wave
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approaches the orifice radius, the entrance Mach
number to the subsonic regime must approach one., The
error is caused because the momentum effects were
neglected in the subsonic flow theory; therefore,

one would not expect very good experimental agreement
at high subsonic velocities, The presence of this
error does not degrade the usefulness of the theory
as applied to the magnetic air bearing since the
device's operating gap will be large enough to lower

the subsonic entrance Mach number,

From the pressure profiles it can be seen that
the theoretical shock wave position is in good agree-
ment with experiment. However, by using the slider
plate, it was found that the shock wave occurs over
a2 radius range of approximately 1/8". This means
that, instead of a single normal shock wave occurring
ds was assumed in the theory, a series of oblique

shock waves must occur,

Experimental flow data for several air bearings
are shown in Figure 2.17, Theoretical flow character-
istics are also shown in this figure for purposes of

comparison, It can be seen that the experimental
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flow is directly proportional to the gap in the range
considered, The theoretical flowfcharacteristics

are slightly below the experimental data, This small
error could have been eliminated by increasing the

.8 discharge coefficient,

Since theoretical and experimental flow-versus-
gap curves are straight lines through the origin,
a complete flow characteristic can be represented by
the rate of change of flow with gap, This flow
gradient is plotted against orifice radius in Figure
2,18, Again, it can be seen that the theory is in
good agreement with experiment. This set of curves
can be used to determine the flow characteristic of
an air bearing of any orifice size operating in the

pressure range of 50 to 150 psig.

A comparison of theoretical and experimental
force characteristics are presented in Figures 2,19
through 2,25, Since these force characteristics
were the prime objective of the analysis, it is
encouraging to note that the theory is in excellent

agreement with experiment., Looking at these graphs,
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it i§:difFicu1%:toipiﬁpgiﬁf~any.cdnsistent errors,

It was anticipated that the theory would predict a
higher stiffness in thé low gap region (below approx-
imately 3 mils) than that found by experiment because
momentum effects in the subsonic flow were neglected
resulting in a higher-than-actual pressure distribution,
This cannot be conclusively observed, however, in the
comparison of theoretical and experimental force

characteristics.

Because of the general good agreement lLetween
theuvry and experiment, it is believed that the use
of theoretical results is adequate in the design of

a magnetic air bearing,
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2.7 DISCUSSION OF SECONDARY EFFECTS

et

Ihe Suéply Line

The line connecting the air bearing to thé air
supply will have some#hét of a degrading effect on
the performance of the device, It has been ‘shown
that the stiffness of a bearing decreases with supply
pressure. Also, the pressure drop across the line
will increase with the flow through the line or with
increase in air bearing gap; hence, the air bearing's
force characteristics will be modified, For this
reason, the supply line should be considered in the

design of the system,

Once the desired operating pressure and gap are
known, one can calculate the source pressure required
to maintain the design supply pressure. The line
should also be of sufficient diameter to prevent a
large percentage change in bearing supply pressure

with flow variation through the bearing's operating

range,
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Moment Stability

The air bearing must have sufficient stiffness
to compensate for the magnet's instability in the ver-
tical direction, Since a magnet is also unstable in
a tipping mode, the air bearing must also supply a
stabilizing moment, It is known from prototype mag-
netic air bearings that this stabilizing moment does

exist,

It is theorized that, as the air bearing tips,
the shock wave will move in on the close side and
out on the far side, This movement of the shock
wave will cause subsonic flow to be predominant on
the close side and thereby increase pressure in that
area, On the far side, the subatmospheric pressure
associated with the supersonic region will cause a
downwards force., This can be described as a type of
internal feedback which senses tipping and generates

a correcting moment,
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3,0 THEORETICAL AND EXPERIMENTAL ANALYSIS OF THE MAGNET

3,1 SURVEY OF POTENTIAL MAGNET DESIGNS

The initial selection of potential magnet designs

was based on the following considerations:

a.

b.

C.

€.

High force-to-weight ratio

Size and shape compatibility with

the air bearing

Minimum force gradient through the

operating range of the bearing

Long~term stability of magnetic

properties

Minimum required ceiling thickness

for proper operation,

The second design consideration confines the study

to magnets which are circular in shape, This limita-

tion is reasonable since a rectangular or a horseshoe-

shaped magnet would require filling of the surrounding

Space with some nonmagnetic material and thereby in-

Crcase the weight of the design with no net increase in

nagnet force,
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Figure 3,1 shows eight potential magnet designs
which meet this shape limitation, Since these par-
ticular magnefs all use the same weight of magnetic
material (0,27 pounds), it is therefore possible to

compare them directly for selection in this application,

The force-versus-air gap characteristic of these
magnets is shown in Figure 3,2, A better method for
comparing the effectiveness of each design is the
force-to-total assembly weight ratio versus air-gap

(10)

characteristic shown in Figure 3.3.

It can be seen that designs 1 and 4 have the
lowest force gradient over the operating range
(approximately from 0 to .015 of an inch)., However,
they are ruled out as design candidates due to their
poor force-to-weight ratio, Designs 7 and 2 can
also be eliminated due to low force-to-weight ratio,
Design 8 has an excellent force-to-weight ratio at
zero gap; however, its force gradient is the highest
of any of the designs, and thus its performance drops
off quickly with gap, This design is therefore elim-

inated as a candidate.

80



POTENTIAL MAGNET DESIGNS
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Figure 3.1
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This leaves magnets 3, 5 and 6 as potential
designs. It is obvious from Figure 3,3 that the
outside shell ceramic disc magnet (design 3) is
superior to designs 5 and 6 throughout the operating
range, In addition, the required ceiling thickness
to develop maximum force is smaller for this design

than for designs 5 and 6,

The inside shell oriented ceramic disc magnet
(design 5) has the second-best force-to-weight ratio.
and, duc to its ideal disc shape, will be kept as a
prime design candidate, The main disadvantage of
this design is that it requires a thicker ceiling to
develop maximum force than the other two. Design 6
has been used successfully in prototype magnetic air
bearings, but its availability in different sizes is
extremely limited, In addition, the magnetic material
used in this design is Alnico V, which has a lower
degree of long-term magnetic stability than the
oriented ceramic material used in designs 3 and 5,
For these reasons, design 6 will not be considered

for further design studies,
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3,2 MAGNETIC MATERIALS

Oriented barium ferrite ceramic permanent mag-
net materials have been selected as the optimum

material for the design of the magnetic air bearing,

Oriented barium ferrite has the highest coercive
force of any of the commercially available magnetic
materials.(ll) This means that ig has a high resis-
tance to external demagnetizing influences. The high
coercive force also implies that the optimum magnet
length will be much shorter for this material than
for a metallic magnetic material with a lower

coercive force,

Another advantage of barium ferrite is that it
is considerably lighter than metallic permanent
magnet materials, It has a density of approximately
65% of Alnico V, The demagnetization curves for two
oriented barium ferrite materials are shown in

Figure 3.4,

These materials have been developed by the

Indiana General Corporation and will hereafter be
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referred to by their respective trade names, Indox V
and Indox VI-A, The physical properties for these

materials are given in the following table:(lz)

Indox V Indox VI-A

Coercive force, oersted 2 200, 3 000,

Residual induction, gauss 3 840, 3 300,
Peak energy product,

gauss-oersted 3,5 x 100 2.6 x 10°
Reversible permeability 1,05 1.06

Field strength for
saturation, oersted 10 000, 10 000,

Density, pounds per
cubic inch 181 «162
The magnetic properties given above apply only
in the direction of material orientation. The mag-
netic properties in directions other than this are
almost negligible, For the disc ceramic magnets,
the directions of orientation and magnetization are

parallel to the axis of the disc.

Since Indox V has a larger energy product than
Indox VI-A, it has the potential of delivering a
greater attractive force than the same volume of

Indox VI-A,

87



In order to utilize the full potential of
Indox V, however, it must be operated above the knee
jn its demagnetizatioh curve, Experimentation has
shown that Indox V discs magnetized before assembly
are below this knee, This means that, if Indox V is to
be used to its full potential, it must be magnetized

after assembly in.its steel shell,

'On the other hand, even though Indox VI-A has
a lower energy product, it may be magnetized before
assembly without any loss of available energy. This
is true because Indox VI-A has the unusual charac-
teristic that its recoil line coincides with its
demagnetization curve, Indox VI-A also has the

advantage that it has a lower density than Indox V,

These materials are formed into magnets by
pressing barium ferrite powder under high pressure
in a die., The direction of magnetic orientation
corresponds to the direction of pressing. The com-
pact is then sintered, During this sintering process,
it shrinks to approximately 7/8 of its pressed size,

Because of this shrinkage, the surface of the magnet
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is not suitably flat to be used as the bearing
surface, These materials can be finished by grinding
only. Because of manufacturing limitations, magnets
employing these materials are limited to a maximum
thickness of 1 inch and a minimum thickness of
approximately .2 inch. In addition, magnet discs

must have an area of at least 2 square inches.

The soft steel areas employed in the two designs
are used simply as a conductor of flux, To be effi-
cient in this purpose, the steel parts must be worked
at flux densities reasonably below the saturation
value of the chosen material. Magnetization curves
for three common soft ferromagnetic materials are
shown in Figure 3.5. Because of its availability and
low cost, mild steel is chosen for this design., This
material saturates at approximately 21 000 guass.(ls)
However, to maintain reasonable efficiency in con-
ducting flux, it should not be operated beyond a flux
density of 16 000 gauss, At this point, the material
has a permeability of approximately 276. in the cgs

System,
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33 ANALYSIS OF DISC CERAMIC MAGNET FORCE
CHARACTERISTIC

pue to the complexity of the general magneto-
static boundary value problem, aﬁ approximate
engineering approach will be taken for the force
analysis of the magnets. This method depends on
setting up an analogy between the magnetic circuit

and an electrical circuit,

There are several limitations to this analogy.
It must be assumed that the magnetic flux, like the
current in the electrical case, is confined to pass
through each individual circuit component, For the
electrical c¢ircuit, this is a good assumption, since
the ratio of the material conductivity to the con-
ductivity of air is extremely large. In the magnetic
circuit, the ratio of the permeability of a component
to the permeability of air is not always large, This
means that some of the magnetic flux will byp.ass
the component through the surrounding air(.14) This
limitation can be somewhat overcome if one anticipates

the leakage and accounts for its presence by a
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parallel resistor. Another limitation to this
analysis is that the flux density and magnetizing
force must be assumed to be constant across each

component in the magnetic circuit,

In spite of these drawbacks, this method allows
the development of a parametric model which would be

all but impossible using more exact methods,

Since the magnetic air bearing operates at
small gap width, the following magnet analysis is
intended to be valid for small air-gap widths only,
In other words, the air gap will be assumed to be

much smaller than any dimension of the magnet,
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3,3.1 The Magnetic Circuit

In this analysis, each component of the mag-
netic circuit will be included as a lumped parameter

element,

Before proceeding with the force analysis, it
is first necessary to determine the magnetic state
of the permanent magnet, The term "state of the
magnet'" refers to the point on the demagnetization
<urve at which the magnet exists., A schematic

representation of a demagnetization curve is shown

below: A Bm
Bp
<
Hh\ -Hc'
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For the present, it will be assumed that the
magnet was not magnetized within its shell., During
magnetization,_a magnetizing force sufficient to
saturate the magnetic material is applied. Upon
removal of the external magnetizing force, the state
of the magnet recoils to the residual flux density Bp
and zero magnetic field strength point, If the mag-
net were now removed from the magnetizing device,
the state of the magnet would recoil still further
to some point on the demagnetization curve. This
phenomenon is said to occur because of the magnet's
self-demagnetization, The degree of recoil would
depend on the magnet's geometry provided that there

were no other ferromagnetic materials in the vicinity,

Now if some ferromagnetic material were brought
near the magnet (e.g., the shell is installed), the
magnet state would advance up a recoil line and not
necessarily back up the demagnetization curve, This
train of events is shown diagrammatically in the

following figure:
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3,3,2 Electrical Analogy

To give mathematical basis to the preceding
discussion and to develop the electrical analogy,

consider the following magnetic circuit:

71 /.
SrmTITEEIIS)
> e

The cross-sectional area of this magnet is set
at a constant value of A, It will be assumed that
leakage external to the air gap Lg is negligible,
This is a good assumption if the air gap is smaller

than any dimension of the magnetic circuit,

If the air gap is set at zero, and the magnet
is brought up the saturation point with an external

magnetizing force, and this magnetizing force is then
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released; the flux density in the circuit will be
equal to the residual flux density of the material
B... Now, taking some small gap into account, the.
scalar magnetic potential around this circuit is
zero since the path does not pass through any

current loops.

§H 4l -0

-———

Assuming that the magnetizing force is constant
in the magnet and the air gap, upon integration, we

obtain
Hm'Pm"“Hst =0

(3.1)

In addition, we know that the flux is a constant

through this circuit

¢, B dA

Bmﬁﬂ1553A3

or
(3.2)

We also know that in the air gap

Bﬂ =X, H3 (3.3)
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Now combining Ekquations (3.1), (3.2) and (3.3),
we obtain the equation of what is commonly known as

the air gap shearing line,

z - Aﬁﬁl&ﬁ Lm

Ben ( £y &) B e (3.4)
The simultaneous solution of the shearing line

and the magnet demagnetization curve gives the mag-

netic state of the magnet,

The term in the brackets in Equation (3.4) is
known as the gap permeance and is analogous to con-
ductance or the reciprocal of resistance in an
electrical -circuit,

Lg

Ry = ~&emy
Rg is called the reluctance of the gap. Now,
if the gap reluctance is decreased, the state of the
wmagrniet will proceed to some point on the magnet

recoil line, This is shown in the following figure:
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The equation of the recoil line can be written

= ’ 3.
Bm = Aot (H’m i Hom ) (
vhere Hgop is the intersection of the recoil line wi

the H axis,

Written in terms of the electrical analogy, th
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equation can be expressed

Lo o= -Ii_‘;_r\— (vm *Vorm ) (3.0

where the flux Iy is analogous to current, and Vins
the scalar magnetic potential, is analogous to voltage

in the electrical case. These terms have tne fol-

lowing relationships to the magnetic parameters:

Im = Bmﬂm
Vm = Halm
VQm < }—‘Om L-m

L
Rme = A mr A

To find the new state of the magnet on the re-
coil line due to a decrease in gap, we combine

FEguations (3.4) and (3.5).
He = L"ﬁ'&(o Ag) Hom
(L‘m/-"'(mr‘/‘}m)+(L3‘/Aloﬁ(<})

Bm . Hnr (Lm /./1,».1(« JAYN ) Hom
(L")/-"(mr*plm ) ';-(L(?'/A(OA‘?)
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where Lg' is the new gap. The same result could
have been obtained by considering the following

simple circuit:

Ry

—-Mwww———————q] nH

@ :f: VO L]
M

Rea Vi
Vo i 2 Ren
flV%md) T
. A ‘...'
\'4 Rg"

For this circuit

) ReVem.
Vim = = R;ar '?R(t)

T . \/ Lia)
.l.n1 = i%rn: *Fia

Therefore, once the magnet is on a recoil lirg,

it has the following model:
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VM R )

Loading

T. VD ™

It should be noted that the magnetic potential
Vi is always measured opposite tc the polarity of the

source potential V..

The effects of steel components.in a magnetic
circuit can be modeled in a similar manner, The B-H
characteristics of the steel are zssumed to be
Straight lines. This characteristic is shown

schematically ia the following figure:
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If a piece of stecl is magnetized for the first
time, it will travel up the virgin magnetization
curve to, say, point a, Now if the magnetizing force
is decreased, the state of the steel will move down
the steel recoil line. The intersection of this

line with the Hg axis will be known as Hos'
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While on the virgin magnetization curve, the

steel is modeled as a pure reluctance,

0 }\
é__.___
I
Rev £ : Vs

—0

Once on the recoil line, the steel has the
following electrical model:

-

Q
~
Vd

Is R";V VS .
+Vos

Y | -

where Rgy and Rgy are the virgin and recoil reluc-
tances respectively of the steel; and the following

relationships hold by definition:

Vos = Ho:, L5
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3.,3.3 The Energy in the Magnetic Field System

Consider a volume of magnetic material placed
in a magnetic field, If it is assumed that the flux
density and the field intensity vectors are parallel,
we can write the expression for the change energy

stored in the volume due to a change in flux density,

.E=5?52FMBA?“

If we assume that H and B are constant through-

out the volume, the energy expression simplifies to

E=?§;Hda (3.7)

Now imagine a general magnet which is brought
into contact with a virgin steel plate. In the
process of bringing the magnet into contact with the
plate, the magnet state will advance along its recoil
Iine toward the point of zero magnetic field strength,
Concurrently, the state of the steel will be moving
up its virgin magnetization characteristic. This
is shown schematically in the following figure as
motion of the magnetic state of both materials from

points 0 to 1.
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At point 1, the magnet is in contact with the

steel, We shall define this point as the energy

datum or zero energy state, When the magnet is

retracted some distance away from the steel, the

state of the steel and magnet will move down their

respective recoil lines from points 1., The energy

change in the magnet is given then by
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i b
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B

Em =T §,.

Hn d B.
and similarly, the energy change in the steel is
Bs .
The integrals themselves represent'a change in

energy density with the materials and are shown

graphically as areas on the B-H plane,

B
N

AT
_1121426'
- 2.

Steel

- H

It should be noted that during this transition

the magnet gained energy, whereas the steel lost
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energy. Using the equations of the magnet and steel
recoil lines, these two energy components can be

written

- ) =’3-r'q [ (Bmz' 'Bm:&)/cz’-[mr‘ 'Horn (Bm "Bm, )]
ES ""T; [ (le -lepﬁ)/‘z"(sr‘ - Hos (85 'Bs, )]

In terms of the electrical circuit analogy,

these energy components can be expressed

Emsﬁfi (Imi‘:[m:a)'\/om (IM-I,,,,) (3.8)

Rsf‘

= (I S )-vos (Is'Isg> (3.9)

In a general magnetic circuit, energy is also
stored in surrounding space and in the air gap, The
flux passing through this space will be known as the
leakage flux, The energy stored in this leakage is

given by:

R4 2 2
E, =% (T *-1,%) -
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The energy stored in the air gap can be written

R - A
53 = —Zf’L 13 (3.11)

Therefore, the total change in the energy of
the magnetic system in the transition from 1 to some

other point is given by
E=Em+Eg+Eqf +Ey (3.12)

This net increase in stored energy in the mag-
netic system is actually coming from an externally
applied force which is acting to increase the air
gap. The force can be related to the magnetic energy

through the following relationship:
_(h
E = F o dh (3.13)
o I

or
F= Dk (3.14)
Therefore, the force developed by the magnet can
be calculated by taking the partial derivative of the
change in energy from the zerc gap point with respect

to gap.

109



3,3,4 Magnetic Reluctance

The definition of reluctance in a magnetic
system is the ratio of the magnetic potential across
two equipotential surfaces to the total flux passing
through those surfaces., The method taken in this
analysis is to break the magnetic system into simple
three-dimensional shapes and then estimate the
probable path that the flux will take, In several
cases, the expressions for reluctance derived using
this method will be nothing more than engineering
estimates, This approach is common in this field
and it is felt that a more exact analysis would be
inconsistent with other parts of the lumped parameter
analysis, This method is comparable in accuracy to

flux- plotting for two-dimensional systems.(ls)

Since the reluctances for both the outside and
inside shell magnet designs will be derived simul-
taneously, the geometries of both designs are
defined in Figure 3.6. In the following discussion
the outside shell magnet will be referred to as

Design A and the inside shell magnet as Design B,
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Air Gap Reluctance

Consider an annular surface placed at some
small distance and parallel to an infinite plane,
The flux paths are assumed to be perpendicular to
these surfaces and fringe effects are neglected,

This situation is shown in two dimensions below:

For a uniform field, the flux passing through

these surfaces is given by
- & &)
LB (n, -

The magnetic potential between these surfaces
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I

is
V=Hh
Therefore, the reluctance of the region can be
expressed
N L B (n®-0%)
or

Ry

t
-t
3
W o
>
>
*
t
o
o
jp _—

Then for Design A the reluctances of both air

gaps are given by
h
Rg: = LT Ao e Ty

h
Rg’l‘ = J-(D’nd(bz"aa)

and for Design B

h -
Rg, = A(o/ff" q3 ﬂ--bﬁ)

Ro, h
J* T Ao (w-Taf2 ) Ta

113

(3.15)

(3.16)

(3.17)

(3.18)



Leakage Reluctance

It is desired to calculate the reluctance of
the cylindrical volumes between the shell and the
magnet in either of the magnet designs, It is
assumed that the flux paths are purely radial and
that there is no potential drop along the bounding

length of the steel shell,

The potential increase through the magnet can
be written

Ve {7 Hodis Hax

- O

The reluctance of an elemental annular volume

of depth dx for Design B is

|
Ry = In (‘a‘f’) 21T 4o dx

The elemental permeance then is given by

do = 2T o d %
jn (..2...)

Then we know that
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s

\/dp = C!I

or

2T o H m;:*(J&): = |
fen ( b/CL ) T “ I

The total flux is
T
Ame M (7 d
IT’ T An(bla) o X ax

or

a2

- I~ ’47 7* 2
oo Ao T I m
Lr An (b]e

The total potential drop across the magnet is

\AT = Hrnarn\

Then the effective leakage for Design B can be

written

R - \/f' ln(b/f{) (3.19)
L

i

I T T 4o Trn
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and for Design A

R, = 4 (Q-:‘a'é)

o

’iTzL(oT;m ' (3.20)

Design A Shell Reluctance

The steel shell is subdivided into four volumes
to simplify calculations, This is shown in the

figure below:

By | |
EiEY , .
{ ¢ -

The problem is to determine an approximate
value for the reluctance between the two equipotential

surfaces designated by the double lines,
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I1f one considers region 1 alone and forces the
cylindircal area between region 1 and region 2 to
become an equipotential surface, the result will yield
infinite flux density at the intersection of the
equipotential surfaces and zero reluctance, Actually,
this is not the case; and this problem arises because
the volume was arbitrarily subdivided. When problems
like this arise, the general plan of attach will be
to estimate the mean flux path and the mean area of
the flux tube and then calculate the reluctance of

the volume by using the following equation:(15)

P ~ I—rnet\n
D "(ﬁmu»f;

Using the above-mentioned method and others
similar to ones previously developed in this sec-
tion, the following approximate equations are ob-
tained for the subdivided volumes of the shell:

b -o
R, = —— 3.21
| s (b?-0 *LbT) ( )

C."T‘,:./,,Q., >
R, = AnB (3.22)
= 9\./”\/'( -r‘
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y o+ Ta

A [ (e=Tofa )T+ Ty

arm

J (3.23)

4
w
3

Tm

N
-
H]

9.¢TA{L'T& (3.24)
The total reluctance of the shell is then
simply given by
Rs = Ry +Ra+*R; *Ry (5.25)

Provided that the steel parts are not too near
saturation, the permeability of the steel will be
much greater than that of air and the magnet, This
means that the reluctance of the steel parts will be
considerably lower than the reluctances of other
components in the magnetic circuit, Therefore,
errors incurred in estimating reluctances in the
stecl parts should not have too great an effect on

the resulting theoretical force characteristic,

Design B Shell Reluctance

e e o

The method employed for determining the reluctance
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of the shell of the inside shell design is the same
as that used for the outside shell., The Design B
shell is shown subdivided into four regions in the

following figure:

}&T&—-,:

's......-----—---—w-«-.‘ T
5 3 il
R !

— oy P
} , ' él fv J

-
b e e g C' P : et

Again, the two equipotential surfaces are
designated by the parallel lines, The approximate

reluctances for these volumes are given by

R - ¢ - l)

! ’ﬁ"/.( (bp“bl'fle,) (3.26)
R, = -3;*.,,-@1‘_‘.:)

9 - 9\-,’-)\ /—( .r' (3.27)
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. R3 = T: "'_‘T‘;L
S Lam (e -a/a) 7o)

(3.28)

P\,‘L = TM .
' 3.29
;l-'ﬂ"/u( (CL "‘Tg)_ / oL ) -T;)_ ( )

Then, the total recluctance of this shell is

simply the sum of these component reluctances,

Ceiling Reluctance for Design A

The figure below shows the ceiling for the

outside shell magnet design,
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The volumes considered for this derivation are
those in the immediate proximity of the magnet, The
assumed equipotential surfaces are designated by the
double lines., Using previously developed methods,
the following reluctances are derived for the respec-

tive volumes:

R, = |
Moy (b*~a® +2bTe) (3.30)
¢ -Ta /A
Ra= _Lo ( F’“‘m) (3.31)
£L¢F/('Tc *

1:_ + 7‘;
3/{ [ (c LT;/sz) T + CT,\:] (3.32)

Rs =

The total reluctance for the ceiling with the

outside shell design is

Re = R, + R, + R4 (3.33)
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Ceiling Reluctance for Design B

The following figure shows the subdivision of
the ceiling in the immediate vicinity of the inside

shell magnet design:

-7
| Y T i T
Gl 1 jais ;g t
! \Y b !
|
L b
& ¢

The equipotential surfaces are shown in this
figure by double lines, The approximate ceiling

reluctances for the inside shell design are given by

R, = b
' 'IT'A( (¢*=-b* +2 ch.) (3.34)
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Rg = _,Qn (b/CL)
) & T Te

(3.35)

R’ - T:»_ + Te
Cosq[aTe s (arTa/a )T ]

(3.36)

Then, the total ceiling reluctance for this
design is simply given by the sum of the component

reluctances.

Open Circuit Reluctance

If Indox V is used in a magnet which has been
magnetized with the shell in place, it is necessary to
determine the open circuit! state of the magnet before
the force characteristic can be calculated, This is
not the case for a material such as Indox VI-A
because the demagnetization curve and recoil lines
are always coincident,

1The phrase "open circuit'" implies that the
magnet is far from any other ferromagnetic materials,
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Before the open circuit magnet state can be
determined, it is first necessary to develop a model
for the reluctance exterior to the magnet when the

magnet is placed far from all other ferromagnetic

materials.

The outside shell design will be considered

first, The assumed flux envelope is shown below:(16)

Looking at the elemental flux tube, the equation
of the ocutside circle is given by

]
ro® - Lery, Cos® +e° ~R,*=0

and, for the inside circle,
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o~ . . A
r; +3€.f‘, 6050"‘(‘-‘ —R; =O

Solving for the inside and outside radii,

ro = ¢ tos § -+ Ve tos™ 0 -(e*-R,?)

- tosO ‘/e?‘ Ms.;é-(e“-ﬂ;")

-
1

e << R

e can be neglected in comparison to Roz and Riz.
The equations for the outside and inside radii

reduce ta
re = e tos @& +R.

ri = -& ¢0s & + R,

The cross-sectional area of tHe flux tube 1is

given by

A= ﬁTuf ( Pe = pi)

or

A*—"aﬂ""{(Qfoa"vqm.(ﬂo-R:)) tos O
~2e Rm cos? @ +fe (RO—RI)J
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The mean area of the tube can then be written

Af/\:—"',)-:- S'ﬂh/’\\ég

0

The following relation betweenf»>] and A 2 must

hold for gecmetric compatability

At . b-a

- . AL

A ;L - T;_

In addition, from the figure above, it can be

secn that

A = Ro-Ri +2e

and

Aa = Ro-Ri-2e

After some manipulation of terms, the following
expression can be obtained for the mean area in terms

OfAl and}’ 1

Ama&n = ar”-» (Kzfl '}'}‘)&)Al

126



where

/3 C, (b a)ﬂL _)

Taking the limit asl ;= dr and Apean —> dA,
dA =2 (H.MRQ dr

The length of the flux tube is given by

L= I Rwm
or

L= J} (Kx-l'" "Ks)
where

K3 = [ |+ n/(b-a)]
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Ta Tao
[Q * / * h-n)

The permeance of this space can then be written

b
P = 4. dA
o L.

Upon completing the integration, the following

expression for the permeance is obtained,

P = Z(/(o { [c'*TA') * ('5;:%]

(b C\I

2 f;?;:j,?.‘f | = 7 (b-e-)

' (3.37)

The approximate reluctance of this space is
then the reciprocal of the permeance, The total
open circuit reluctance for Design A is the reluctance
just derived in parallel with the reluctance between

the shell and the magnet given in Equation (3,20),

Using a similar analysis, the open circuit

permeance for the inside shell magnet design is
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given by

o+ T;L (3138)

129



3.3.5 Flux Density Distribution in the Shell and

Cei{igg

The flux density distribution ih the steel
parts will be determined using a one-dimensional
model for the case when the magnet is in contact
with the ceiling, It is at this zevo gap point
that the steel has maximﬁm fiux density. In the
magnet design, the thicknesses of thé steel shell
and ceiling will be set so that the. maximum flux
density in these parts is'somewhére below the

saturation value for the material,

The basis of the following derivation is the
assunption that the ceramic disc magnet emits a
constant flux density over the two annular surfaces
in contact with the shell and ceiling when the magnet
is at zero gap. This assumption is a good one pro-
vided that the steel is not saturated and still has

a reasonably high permeability,

For the case in point, the permeability 6f the

magnet, which is essentially the same as free space,
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will be very much smaller than that of the steel,
This means that, even though the lengths of the flux
paths will véry from the inside to the outside radius
of the magnet, the flux depsity emitted by the magnet
will be relatively insensitive to these variations,
In other words, due to the low magnet permeability
and high steel permeability, the magnet looks like

a source of constant flux,
Design A

Consider the outside shell design shown in
Figure 3.6, The flux emitted by the magnet can be

written "
O =am B g& rde b2r2a
or

¢ = BT ({,2__0\2) bZrza (3.39)

where B is the flux density on the magnet recoil

line at zero field strength.
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The mean flux density in the iron is given by

the following equations for a constant Tj:
o>
Bs = B ( ""F"‘) bzrze (3,40

and

S LS Ry

AT, r (3.41)

This flux density distribution is shown

graphically in Figure 3.7.

It can be seen from this Figure that the maximum

flux density occurs at r = b and has the value

Bgnmoy = qu_m(bg‘aa r=)

AT, b (3.42)

The flux density in this portion of the shell
can be held at a theoretical constant value by
tapering the thickness of the shell in accordance

with Equations (3.40) and (3.,41), However, this
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possibility is eliminated in Design A because the
shell would have minimum thickness in the region in

which the external load would be applied,

The flux density in the cylindrical portion of

the shell 1is

Bs = B:‘gu(bg"a.g) (3.43)
ATy,

The flux density in the ceiling is given by

o
Bc*%%(P-"T) bzr Zo (3.44)
Be: Bo (b*-a?) (Crﬁy;l)?.r.?b
ATe, r ’

(3.45)

The maximum flux density in the ceiling is

Bamax = Bn (bz“&a> f"-‘-}) (3.46)
2Teb
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The geometry of the inside shell is shown in
Figure 3.6, Again assuming that the magnet is a
source of constant flux across its surface, the flux

at any section of the shell for b £ r&cis given

by

(}’) = B (Q3~r2> (3.47)

The mean flux density across the thickness of

the shell between these radii can be written

o
2-%?- (’c‘h’ “'“) bErfe (3.5
l - .

Since no new flux is being introduced into the
shell between radii b and a, the mean flux density

across any section there is

B, = 3%:% (Q&_Lz) A ) (3.49)

The radial flux distribution given by Equations

135



(3.48) and (3.49) is shown in Figure 3.8 for constant

Tl.

It can be seen from this Figure that the maxi-
mum radial flux density for constant Tl occurs at
the radius a and has the value

- _Bm a_la r=Q (3.50)
moy = —=Zi. (7~
E%s a.; Py ( 1? )

0.';

Since the maximum flux density for the inside
shell design does occur at the radius a, it is
desirable to taver the shell from a maximum thickness
at that point to a minimum thickness at c. By doing
this, one can conserve weight plus have the thickest
part of the shell in the center where the air fitting
must be installed and the external load applied,

For the outside shell design, tapering was not recom-
mended for structural reasons., However, for the
inside shell, it may be tapered yielding a struc-

turally sound and lighter design.

Prototype inside shells were designed to have

a straight taper from a to ¢. One of these is shown

136



H |
. |
Bsmaxo s,
hae
@ Shell Not Tapered
<]
[an]
»
3
~—
£
a b c
RADIAL FLUX DENSITY DISTRIBUTION
IN THE DESIGN B SHELL AT ZERO GAP
4
Sl asinaiaie e |
; :
! 1
Bsmax T

Shell Tapered

Flux Density

Radius

Figure 3,8
137



jn the figure below:

- { eC

The thickness of this shell is given by the

following equation:
T, = -r toge + (Tm*ra tma)  nerse

The flux density distribution in the shell is

then modified as follows:
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Bs - Bm (t“-‘n-“)
aA.n (”r Tonk + Ty + @ t.(m.;,)

B, = B (e?-}2) akn s}
a0 (—r tans + T+ & tanx )

The modified radial flux density distribution

¢ue to this taper is also shaown in Figure 3.8,

The maximuim flux density is still at the
radius a, However, the rest af the material in the
shell is being worked at a higher flux density

thereby economizing on weight,

In the cylindrical portion of the shell, the
mean flux density parallel to the axis of the magnet
is

! a.)

! - Al - L -

P = B [e*-b G-T, sr &£ q (3.51)
Ta (Ra-Ty)
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The radial flux density distribution in the

ceiling for the inside shell design is given by

= B (%ﬁ: ._,«) Spfe  (5.52)
ATe

Be = Bm_ (s2._)2 asreh (3.53)
vy (e*-b%)

The maximum flux density in the ceiling is

again at a.

Be may = -9-—%—-'.}’—.’; (¢*~b2) r=Q (3.54)

140



71

This method of approximating the Indox V

demagnetization curve by two straight lines is

quite accurate with the exception of approximately

5% error in the region of the knee,

The values for the magnétic source potentials

Vg1 and Vg5, can be found directly from the actual

demagnetization curve, Figure 3.4, once the thickness

of the magnet disc is known, That is,

Vo = Ho; T

Vo

2= Hon Tia

where, from Figure 3.4, it can be seen that

Hoy = 3060. oersteds
Hea = 2200. oensteds

The approximate open circuit reluctance for a
disc magnet magnetized with its shell in place can
be found by considering the reluctance given by

Equation (3.37) in parallel with that of Equation

(3.20) for the outside shell design, or the reluctance

given by Equation (3.,38) in parallel with the value
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3.3,6 thoreticgl nggg} Force Characteristic

B asanaom

Due to obvious theoretical simplification and
the basic similarity between the inside and outside
shell designs, the following theoretical force
characteristic is applicable to both designs., All
that will be necessary to obtain the force charac-
teristic for either design is to substitute into
the developed equations the applicable reluctances

derived in Section 3.3.5.

Open Circuit Analysis

For the ceramic material Indox V, it is first

necessary to determine the reccil line on which the

magnet will be operating. Consider the approximation

to the Indox V demagnetization curve on the I - V

plane shown below
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given by Equation (3.19) for the inside shell design,

The open circuit state can be found by first
hypothesizing that the magnet state is line 1, If
this is true, then the following simple circuit is

applicable:

Vea

Then, the magnet flux is given by

I - \/Dl —
m RQ*’Rm:

If I > Ijn¢s then the hypothesis is true and
the open circuit state has been determined, If
In ¢ Tijnt, then the state must lie on curve 2 and

the following circuit may be used:

143



The open circuit magnet flux is then

o

:I:rn = \/o‘

.
f{o v oIam i

For either case, the open circuit magnet poten-

tial is
Vm = "Ro Im

The source potential of the magnet recoil line

¢can now be written

\/0 o = “‘\/m r F\) P (3.55)
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For the material Indox VI-A, the preceding calcu-
lation is not necessary, sincc the source potential
of the recoil line can be determined directly from

the Indox VI-A demagnetization curve,

\/om = HomTrn (3.56)

where Hgop = 3000, oersteds.

Closed Circuit Analysis

We now must detcrmine the recoil lines on which
the steel parts will operate., In the I-V plane, the
stecl virgin magnetization curve is approximated by
a straight line from the origin. The following
circuit «an be used to describe the state of the

magnetic system upon contact with a virgin steel

ceiling:
]
T <3
\/5 {r RS-V : A Via
-
R ‘
AN EA—ioid N
I
TR
Vi :"“"’\VV‘v"fv"-ﬁr“‘——*‘

145



From the preceding circuit, it can be seen that

J: - VOr.') ( PA. 5 RLV )
(Rm+ Rsv) (R,__-:» Rev )+ R Rev

v s qu RS\/ (RLiRLV)
3 (Rea+ Rsv)(ﬂ,_-r}?c,v)-%- Ru Rey

vo”"l Rl—
(Rmﬁ- RS\/)(P\L_ "‘Rcv) + R Rev

-
(g4
"

vc‘ = Vom Rc.v Ry
(Rm#Rsv) (R, +Rey) + R Rev

Upon retraction of the magnet from the ceiling,
the magnetic source potentials of the shell and

ceiling are then respectively

Vos "'I,.s Rs Vs (3.57)
VOc. ""‘Iq, Rc. "'Vc (3.58)

It should be noted that the source potential

and the recoil permeability completely determine the

material's recoil 1line,
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Operating Circuit Analysis

The following magnetic circuit will be used to
represent the system upon the retraction of the mag-

net to some small gap from the ceiling:

Vs

For the above circuit, the flux through each

circuit element is given by

Im o (ngl +Rq.1'7' r\),_ + 2 ) (VDM+V0$) + RL VO(,
(RM+R$*R“)(RﬁrerL*RL*Rg)“RLa
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Ip_z \/oe, é(Rm*’Rs *’RL)(RQ,'?Rya"‘%,"'R:,)‘R;."'} "R {(’?jl"’
R}& + K *RL)__(_\{'Omt\/os) + R \/ocl} _
(Rg,"'Rjg\'}'P\L':'RQ) {(Rﬁ‘7+R5'}RL)(R3|+P\3},"RL?R.‘.)'RL2}

Iga =I¢
I'L '-'-Im'Ic,

System Energy and Force

The expressions for the change in energy stored
in each circuit element have been derived in Section
3.,3.3. On taking the partial derivative of the
energy stored in each element with respect to air gap,

we obtain the component of force due to the change in

energy in that element,.

Fm = Rm:’:mI"-"'" V"""”I.m'

Fs =RsT s :Es' "'thsI.s’
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It

oaeLe?
Fﬂa - p\ﬁa‘ b~ KR

T RgalgaTy'a

where

Th'= - EZ-___(Rq'n “'Rg'a) [R!- (VVomi‘/_os)'*(Rers *RS.)VM,]
[(Rm""r\)s*nn)(Rﬁ; +R3L+RL+RQ> ‘Ruaj &

The total force acting on the system is the sum

of the component forces

FT:'—F'./; +F$ "“F‘_':‘F(’ +Fﬂ'+Fﬂ& (3.59)
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Unfortunately, due to the nature of the energy
analysis, we cannot say what the force distribution
on the magnet structure is, For instance, the
force component Fg is not the force acting on the
magnet shell; it is simply the force due to the
change in energy stored in the shell. A good
example of this point is the leakage force Fp, since
it is absurd to think of a force acting on a volume

of free space.
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3.4 MAGNET OPTIMIZATION

Since the magnet is the prime contributor to
the magnetic air bearing's total weight and supplies
the load-carrying capacity, the first step in designing

an optimum bearing is to design an optimum magnet,

By definition, an optimum magnet is one that
has a maximum force-to-weight ratio at a chosen aix

gap. The performance function is thus given by

f1 will be a function of the magnet's geometry,
material, and air gap. For this optimization, the
magnetic materials will be chosen and the air gap
fixed at some value, Thus, the performance is con-

sidered a function of the design dimensions only,
-1 _ ( ) o
‘ -rq xi P = ,jg‘)3) s o Y}

where the x3;'s are the magnet's dimensions.

Because of the complexity of this theoretical
performance function, the optimization was conducted
using a numerical technique and run on a digital

computer, The following discussion is a summary of
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the numerical optimization technique,

To find the maximum value of r1fbr all possible

values of x;, we start at some test point xiG and take

1

a small excursion (€ ) in one variable and measure the

corresponding secant gradient of[ﬂ.

3;0 L AD T csig) T

Dx; €
If gio is posi'ci\.re,rl is locally increasing; if
gio is megative,ri is locally decreasing in the direc-

0 therefore points in the

tion of xj, The vector gj
direction of maximum increase offﬂ to a first

approximation.

The unit vector which points in this direction

can be written

9;°
- Vﬁfﬂfio

We now step to a new point on the performance

surface taking the anticipated steepest ascent
.. - (4 O Y,
X| - 7\" o nl‘D

where D is the step size,
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At this new point of higher performance, the
gradient is again measured and the cycle is repeated,
This procedure leads to the following general rela-

tionships for climbing the performance hill:

3;K = rq(".iK""éé.‘,j)"le

c
K
ni* = !
K K-
7/30' 5J j,?.,;
K]
X5 = R ek

rlg-n "' F(x;"*')

The computer programs used in predicting and
optimizing magnet performance ere presented in

Appendix D.

Experimentally, it was found that bearings using
the outside shell magnet designs were statically
unstable in the tipping moce., For this reason,
detailed optimization data will not be presented for
this design. A more detailed discussion of this
instability problem will be given in Section 4,0,

Force characteristics for prototype outside shell
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magnets will be presented in Section 3,5 for the pur-

pose of evaluating the accuracy of the theory,

The inside shell magnet design was optimized the-
oretically at an air gap of 6 mils., This was done for
the two magnetic materials, Indox V and Indox VI-A,.

In addition, maximum steel flux densities at 14 and 16

kilogauss were considered,

Mild steel was chosen as the shell material and
the shells were tapered as shown in Figure 3.8 to min-

imize weight,

The optimization was conducted by constraining
the outside radius and then varying the various geo-
metric paramcters to obtain a maximum force-to-weight
ratio at 6 mils, The magnet thickness was constrained
by a minimum of ,2 inches, Tests were conducted from
various starting points to assure that the optimum de-
sign found was the overall optimum rather than just a

local maximum,

Figures 3.9 through 3,16 show the optimum design

parameters, force and weight, as a function of magnet
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e

outside radius., It should be noted that the force-to-
weight ratio increases with decreasing magnet size
(e.g., Figure 3,9). This is generally the case in
magnet design., The curves for optimum magnet geometry

can be used as follows:

Supposc it is decided to use Indox VI-A, have a
maximum steel flux density of 14 kilogauss, and have a
developed force at 6 mils of 200 pounds, From Figure
3,12 it can be seen that the magnet's outside radius
should be 2,1 inches and that the magnet will weigh
1.5 pounds, The geometry of the magnet can be ob-

tained from Figure 3,11 as follows:

a = 0,91"
b =1,2"
T, = 435"
Tm = 205"
To = ,09"

Since the flux passing through the ceiling will
be the same as that passing through the steel shell,
the ceiling thickness should be equal to T; to prevent

ceiling saturation and to develop maximum force,

It should be noted that, by increasing the maxi-

mum steel flux density from 14 to 16 kilogauss for a
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particular magnetic material, there is a small increase
in performance and a small decrease in ceiling thick-
ness. For this reason, 16 kilogauss was used as the
maximum steel flux density for prototype inside shell

designs.
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3.5 COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Since prototfpe magnet design was limited to off-
the-shelf ceramic discs, the geometry of these magnets
is not theoretically optimum, The steel shells, how-
ever, were designed to yield the theoretical maximum
force-to-weight ratio given the geometry of the magnet

disc as a constraint,.

Figures 3,17 through 3,21 show the theoretical and
experimental force characteristics for three outside
shell and two inside shell magnets. In all cases, the
theoretical curve lies above the experimental curve,
This discrepancy increases with gap. The error is
presumably caused by flux leakage pédths that were ne-
glected in the theory, An example of such a leakage
path is from the exposed portions of the steel shell to

the ceiling,

Figures 3,19 and 3,20 can be usec to compare the
outside shell and tapered insile shell magnet designs
since both tests were performed with the same Indox V
ceramic- disc, The inside shell design develops 400

pounds at zero gap as compared to 340 pounds for the
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outside shell design, Both designs have approximately

the same weight,

There are two possivlie reasnons for the incongru-
ency betwecen these results and those obtained from the
Indiana General Corporation (see Figure 3,3) which in-
dicate that the outside shell should have a superior
force-to-weight ratio.(lo) One reason is that the ex-
perimental inside shell was tapered, yielding a weight
savings over the design first considered, THhe other
reason is that the inside shell was designed with a
maximum steel flux density of 16 kilogauss, whereas

the outside shell was designed to 14 kilogauss,

The mean error between theoretical and experimen-
tal force characteristics as a function of air gap is
shown in Figure 3,22, A K factor, defined as one minus
th= mean error, is also shown in this Figure, This
factor may be used to bring the force characteristics
of the theoretically optimum magnet designs presented
in Section 3,4 into better agreement with experiment.
For example, if one wishes to design a magnet that has
a 200-pound pull at 6 mils, he need only divide the

desired force by the K factor at the gap, obtaining
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270 pounds, and then find the optimum geometry for
this magnet force. The design obtained should yield

approximately 200 pounds at 6 mils,
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4,0 MAGNETIC AIR BEARING DESIGN

The outside shell magnet design, which scemed
promising because of its high force-to-weight ratic
and low required ceiling thickness, is not suitable
as a magnet for use in a magnetic air bearing. This
magnet, when used with an air bearing, is u.stable in
the tipping mode; whereas an air bearing using the

inside shell design is not,

This can be explained by using a simpler theory
for the magnet force than was used in the preceding
analysis, The theory states that the force produced
by a magnet is proportional to the square of the flux
density in the air gap.(ls) Therefore, since the out-
side shell design has its highest air gap flux density
at the outer diameter, the majority of the magnet force
is generated in this area, This magnet will therefore
produce a large unstable tipping moment, The inside
shell magnet, on the other hand, has its highest flux
density concentrated in the center; therefore, its

unstable moment is minimized,
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Two inside shell magnets were fabricated and
their experimental force characteristics are nresented
in Figures 3,20 and 3.21., Both cf these magnets were
used successfully as magnetic air bearings without
any observed tipping instability. The larger cf these
~nside shell magnetic air bearings is shown in Figure

4.1,

Design Considerations

It is desirable from the standpoint of utilizing
a magnet to its full potential to operate at as small
a gap as possible, The minimum practical operating
gap has been experimentally determined to be approxi-
mately 4 mils, In conjunction with this minimum gap,
the maximum ceiling surface tolerance was investigated
for the condition of no perceptible contact between
the bearing and the ceiling, This flatness tolerance
was found to be approximately 21,5 mils over the

bearing diameter,

Since the steel ceiling is the major cost item
in the magnetic air bearing system and its cost

greatly increases with decreasing allowable surface
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INSIDE SHELL MAGNETIC AIR BEARING

Max Rated Force = 250 1lbs, @ 70 psig Supply Press,
Net Weight = 3,62 1bs,

Required Ceiling Thickness = ,461 Inches
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tolerance, it is considered essential to design a
bearing with a small outside diameter., It has been
showr. that the required ceiling thickness is a linear
function of an optimum magnet's outside diameter,
Thus, when reducing the thickness of the ceiling,

the size of the magnet should be proportionately
reduced,. Since magnet force-to-weight ratio increases
with decreacing size, one can fabricate a lighter and
more efficient design by clustering a number of small

magnets than by using one large magnet,

In contrast to these size limitations, it is
shown in Figures 2.9 through 2,11 that the stiffness
of a bearing increases with outside diameter; but
since stiffness also increases with orifice size and
supply pressure, the efficient application of these
two parameters can bring the stiffness to a satisfac-

tory level,

Through the process of increasing orifice size
and supply pressure, air flow will also increase,

It is obvious that increased air flow will demand
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a larger air compressor,

Thus, although one can design a theoretically
optimum magnet, it is impractical to speak of an
overall optimum magnetic air bearing since compri-

mises must be made in a practical design.

Dcsign Procedure

The no load gap of an air bearing is a measure
of the maximum operating gap of a magnetic air bearing
with the same geometry. This parameter should be
compatible with the selected gep operating range, 4 to
6 mils, No load gap as a function of orifice radius
is presented in Figures 2,12 and 2,13, From Figure
2,12, it can be seen that a bearing with an outside
radius of 1 inch will have a no load gap below 6 mils;
therefore, such a bearing will operate too close to
the surface. On the other hand, a bearing with a 3-
inch outside radius will have a no load gap rangines
from approximately 9 to 12 mils; therefore an excessive
amount of magnetic force will go into air bearing com-

pression rather than in developing holding force
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in the operating range,

For compatibility of no load gap and operating
range, the outside radius of the air bearing should
be limited to a maximum of 2 inches and a minimum
which is somewhat greater than 1 inch, For maximum
force in this size range, the outside radius of the
magnetic air bearing should be the same as the outside
radius of the magnet, The optimum inside shell mag-
nets are capable of producing a maximiun magnet force
at 6 mils ranging from 37 pounds for a l1-inch cutside
radius to 190 pounds for a 2-inch outside radius using
Indox V and from 30 to 134 pounds using Indox VI-A,
Thesce magnet forces were obtained from Figures 3,14
and 3,10 respectively and were decreased from their
theoretical values by multiplying by the K factor at
6 mils given in Figure 3,22, It should be stated again
that the only advantage in using Indox VI-A rather than
Indox V is that the-magnet need not be magnetized after

assembly in the steel shell,

One can begin the design of a magnetic air bearing

by first selecting a magnet material and a maximum
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desired operating force within the above-mentioned
ranges, The orifice radius should be sized for mini-
mum no load gap. It can be scen from Figures 2,12 and
2,13 that ,125 inches will approximately give this

minimum in the outside radijius range considercod,

Once an orifice radius is selected, the flow
characteristic can be determined from the flow
gradient-versus-orifice radius curve given in Figure
2,18, From the magnitude of the selected force, the
designer should have an approximate ideca of the out-
side radius of the bearing, By using Figure 4,2, one
can obtain the approximate air force at 6 mils, The
strange bchavior of these curves for a l-inch out-
side radius is a result of the shock wave approaching
the outside radius of the bearing., In this figure,
negative air force represents extecrnal compression of
the air bearing, Therefore, if negative, the force
rcad from this graph represents the portion of the
magnet's force at 6 mils that will be used in com-
pression of the air bearing, By simply adding this
compressive air force to the desired maximum operating

force, one can obtain the rcquired magnet force at

180



-70-

-60+

-507

1 [}

w =)

o o
1

(Pounds)

Air Eorce
N
<

THEORETICAL AIR FORCE
AT 6 MILS VERSUS
ORIFICE RADIUS

S TP

Supply
Pressure 150

(psig)

R=3"

110
70
50

-107
R=2"
Orifice Radius (In,)
.02 ,04 .06 ,08 ,10 ,12.-.,14
0 + +- i T :
R=
107

Figure 4,2

181




this air gap.

By dividing the obtained magnet force hy the
relevant K factor and referring to Figures 3,13 and
3.14 for Indox V or Figures 3,10 and 3,12 for Indox
VI-A, the magnet's geometry, weight, and theoretical
force characteristics are obtained. The magnet's
theoretical force characteristic should be modified
by using the K factor and plotted as a functian of

air gap.

An approximate straight line air ferce character-
istic in the operating range can now alsae be plotted
using the air force at 6 mils and by estimating
stiffness given in Figures 2,6 through 2.8, The
approximate magnetic air bearing force characteristic
can now be obtained by graphically adding the air
force to the magnet force, This procedure may have
to be iterated several times before the desired air

bearing force characteristic is obtained,

The force characteristic obtained by this pro-
cedure will be only a rough engincering estimate,

For a more accurate design analysis, after the magnet
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size has been determined, the computer program given
in Appendix B should be used to obtain the air force
characteristic, The air force can then by summed

graphically with the modified magnet force to obtain

the air bearing force-versus-gap characteristic,

This design procedure can then be summarized as
follows:
1, Select a maximum magnetic air bearing

force and an operating pressure,

2. Determine the orifice radius based on

the minimum no load gap criterion,

3. Estimate the outside radius of the
magnet and the air force at 6 mils

from Figure 4,2

4, Add the desired force to the com-

pressive air force,l

5. Take the force resulting from Step

‘4 and divide by the K factor to

lThe force obtained in this step represents the
actual magnet force required at 6 mils,
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obtain the thcoretical magnet force

at 6 mils,
6. Select a magnet material,

7. Using the theoretical magnet force
from Step 5, obtain the magnet's
geometry from Figures 3,10 through

3,16,

8. Estimate approximate air force
characteristic or, if more accuracy
is desired, use the computer pro-

gram in Appendix B,

9, Graphically sum the modified mag-
net force and air force character-
istics to obtain the masnetic air

bearing force-versus-gap turve,

A prototype magnetic air bearing cluster is shown
in Figure 4,3, These bearings are 4 inches in diameter,
have an orifice radius of ,0938 inches, and have a max-
imum rated force at 6 mils of 50 pounds, The magnet

used in this design is an Alnico V side pole weighing
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_PROTOTYPE MAGNETIC AIR BEARING CLUSTER

Figure 4.3
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«702 pounds and having a breakaway force and resulting
magnetic air bearing force characteristic as shown in

Figure 4.4,

Since this cluster is composed of six such air
bearings, it has a maximum rated force of 300 pounds,
This device will be used to support 5/v of a man's
torso and head weight in the prototype vertical lunar

gravity simulator described in The Design of a Verti-

cal Lunar Gravity Simulator by R. J. Morgen.(l)
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5.0 CONCLUSIONS

The theoretical air bearing force and flow char-
acteristics are in good agrecment with experimental
data, Thus, this theory may be used with sufficient

accuracy for air bearing design,

The outside shell ceramic disc magnet, which
secmed promising based on shape compatibility and
high force-to-weight ratio, is not suitablc as a
magnetic air bearing permanent magnet because it is

prone to a tipping instability,

The tapered inside shell ceramic magnet, based
on an experimental comparison using the same ceramic
disc, was found to have a higher force-to-weight ratio
than the outside shell design., Two prototype inside
shell magnets were used as magnetic air bearings with
no observed tipping instability. Since these experi-
mental magnets cover the majority of the magnet size
range considered in the theoretical optimization, it
can be concluded that tipping instability is not a

problem with this magnet design,
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Comparison of theoretical
force characteristics indicate
theory predicts a higher force
ment., The mean error for this

from 15% at zero gap to 36% at

and experimental magnet
that in all cases the
than found bv experi-
discrepancy ranged

15 mils,

Magnetic air bearings using the inside shell mag-

net design should range from something greater than

two inches to four inches in diameter,

When designing a magnetic
high load capacity, it is more

several small bearings than to
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use one large bearing,
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APPENDIX A

Introduction

This appendix contains an abbreviated version of an
analysis of the dynamic behavior of a vertical suspension
type simulator. The system to be analysed is shown in
Figure Al.

The system components consist of one magnetic air pad,
a back-to-back negator spring assembly and the subject mass.
The subject mass will be considered to be inanimate. The
negator spring assembly housing is attached to the air pad
by a ball joint. If the system is confined to move in a
plane perpendicular to the ceiling, its position can be
defined by three generalized coordinates; namely, the position
of the air pad center of gravity, the angle between the
extended nagator springs and the vertical, and the distance
from the ball joint to the subject mass. An important assump-
tion must be made, however, before these three coordinates
can correctly determine the position of the system. This is
that the extended portion of the negator spring does not bend
in the plane of motion. This is probably a valid assumption

&
for the orientation of the negator springs shown in Figure Al.

% .
" Note that the width of the negator spring is parallel to the
plane of motion.
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Figure Al
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If, however, the negator spring assembly were rotated through
90 degrees, the width of the negator springs would be perpen-
dicular to the plane of motion. Due to the very low rigidity
of the negator springs in this direction, the assumption
would no longer apply and the three coordinates would not
suffice in locating the system.

The following are the assumptions which will be made
in the derivation of the dynamic eéquations:

1. The extended portion of the negator spring is rigid
and inextensible.

2. The air pad moves with negligible friction.

3. The up-and-down dynamics of the air pad are so
small that they can be neglected.

4. The ball joint has negligible friction.
5. The air drag on the system is negligible.
6. The motion of the system is planar.

7. The negator spring system has a constant force
for any elongation.

The parameters used in the analysis are defined as

follows:
X, Location of the center of gravity of the air pad.
a Angle that the extended portion of the negator spring

makes with the vertical.

1l The distance from the ball joint to the center of
gravity of the subject mass.

a The distance from the center of gravity of the air pad
to the ball joint.
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The distance from the ball joint to the center of gravity
of the negator spring spools and housing.

Radius of a negator spring spool.

Radius of the coiled portion of negator spring.
Width of the negator spring.

Thickness of the negator spring.

Total length of a negator spring.

The center of gravity of the system of masses suspended
from the ball joint measured from that point.

A distance parallel to any point on the extended portion
of the negator spring.

Horizontal distance from a reference point.
Vertical distance from a reference point.

Mass of the subject.

Mass of the air pad.

Mass of the negator spring housing .

Mass of a negator spring spool containing bearings.
Mass of the extended portion of one negator spring.
Mass of the coiled poriton of one negator spring.
The density of the negator spring material.

Moment of inertia of one spool about the ball joint.

Moment of inertia of the coiled portion of one negator
spring about the ball joint.

Moment of inertia of the negator spring housing about
the ball joint.

Moment of inertia of one spool about its axis of rotation.
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I Moment of inertia of the coiled portion of one negator
spring about the axis of rotation.

F The force output of both negator springs.
T The kinetic energy of the system.

Q A generalized force.

D, Damping cosfficient.

T A torque.

e Coulomb bearing friction torque.

Kinetic Energy of the Extended Portions of Negator Springs

With reference to Figure Al, the position of any element
of mass along the externded portion of the negator spring can

be written

:u:~1.9 + A sin(s)

& - hcos(o)

I

p 4

"

y
The eompenent velocities of any element of mass can

be found by @ifferentiating the above positions with respect

to time.

x.
n

xp + f sin(e) + A § cos(e)

f;rh - cos(e) + A & sinCe)

The kinefie energy of the extended portions of both

negator springs ean be written as
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I

1
_ 22, .2
T, = pwt I (XA + yl) ar .
b

Unon substitution of the squares of the component
velocities into the above expression, the kinetic energy can

be written
1l

T, = ot | G237 422
b

+ 32 + 32 42

A 5 + 2% Asin(e)+2$<pkécos(e))dx .

It should be noted that A is a constant over the
integration which takes place at any instant of time. In
addition, A must be equal to 1 due to physical constraint.
Upon completing the integration and making the above-mentioned
substitution, the kinetic energy of the extended portion of
both negator springs can be expressed as follows:

2 82,3 .3
T, = pwt {[xp +1° + 2xpl sin(e)1[1 - b+ 1" - b7]

+ *p écos(e)[12 - b2]} .

Kinetic Energy of the Subject Mass

For the sake of simplicity, the mass M will be assumed

concentrated at a point. The coordinates of this point are
= x_ + 1 sin(e)
L7 T

y;, ® -a-1 cos(8)
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R ip +'i sin(e) + 1 6 cos(B)

"

¥, = -1 cos(e) + 1 & sin(e) .

The kinetic energy of the mass can be written

_1 .2 o2
T. --Q-M(XL'Py

L L L)

Upon making the appropriate substitutions, the kinetic

energy of the subject mass is

I N I 2:2 . .. 1.
TL =3 ML(Xp + 1%+ 1%° + 2xp 1 sin(e)

+ 2% 16 cos(o)) .
XP OS

Kinetic Energy of the Negator Spring Housing

The coordinates of the center of gravity of the negator

spring housing are

x = XP + b sin(8)

¥y, = -a -bcos(e)

The velocities are

¥ =% +b o cos(e)
*n 5%

%, =b 6 sin(e) .

The kinetic energy of the housing can then be written

198



2..2:2 'V
T Mh(x +b“6 +2>.pb 6 cos(e)>+ = Ihcg

Using the parallel axis theorem, the moment of inertia

of the housing about the ball joint is

= 2
Ie = Ihcg tM b *
Substituting this equation into the expression for

kinetic energy yields the following:

Mh( + 2x b 9 cos(e))+ h952 .

Kinetic Energy of Both Negator Spring Spools

The coordinates of the center of gravity of the two-

spool combination are

X

s xp + b sin(9)

-a -b cos(8) .

Ys

The corresponding velocities of this center of mass

%, = XP + b 8 cos(8)

b 6 sin(8) .

m‘<
"

The spools rotate with an angular valocity @ . This

angular velccity is a function of both 1 and 1, and ¢an be
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expressed as

-1 _ 7
@ =g R = /[%{L + b—l)+rS

where R 1is the varialbe radius of a coil. The expression
for R 1is derived in the next section.

Solving for the kinetic energy due to translation of
the center of mass plus that due to rotation about the center

of mass gives

12

t 2
[;(L + b - l)+l"s ]

- 2 2
TS = MS[XP+ 2pr ) cos(e)]+Isee + IS o

Kinetic Energy of the Coiled Portions of Both Negator Springs

The coordinates of the center of mass of the coll are

x, = xp + b sin(e)
¥, = -a-b cos(8) .

It should be noted that these coordinates are not a
function of the variable 1.

The velocities of the center of mass are

% +b 8 cos(s)
P

"

*e

., =D & sin(e)

The kinetic energy of the coil can be expressed as
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*2
- . Y 22 1
T, = Mc(xp * 2 b 6 cos(6))+ I_0°+I z

The parameters Mé, Ice’ and Iac are functions of the

distance 1. It can be easily seen that the mass of one coil is

Mc=pwt(L+b—-l) .

The radius of the c¢éil can be found from the evaluation

of the following integral:

R C
err:[-;——ds )
LT

I‘S O

Where C is the length of the coiled negator spring

and ds 1is an element of arc length:

Upon evaluation of the above integral, R is found:.

Rz /E(L+b-1)+r: .
w S

The moment of inertia of one coil about its cylindrical

axis is

_ T et B
Ipe =% pw[R - rs]

The moment of inertia of a coil about an axis perpendi-
cular to the axis of symmetry through the ball joint is

(R%- rz) w2 9
Toe *Me L ———+ g+ P}
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Making the appropriate substitutions, the kinetic energy

of both coils is found.

T = pwt(L + b - 1)(>‘<§+ 2% b 8 cos(s)
t w2 2. .2
+pwt(L+b-1)[¢"—(L+b -1)+l—2+b]e

2

+ %- wt(L. + b - 1)

L&D +b- D+ 20871
w S

t 2
[ ;(L + b - 1)+ rs]

Kinetic Energy of the Air Pad

The kinetic energy of the air pad can be simply expressed

.2
PP

Kinetic Energy of the System

The kinetic energy of the system is the summation of

the kinetic energies of the component masses?

T = Té + T, +T_ + TS + TE + T

1 h P -

Generalized Forces

Because of the negligible air drag assumption, the

generalized force due to a variation in 2y is
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Using the assumptions of negligible air drag and
friction in the ball joint, the generalized force due to the

variation of 6 is
Qe = -—g(ML + Mh + 2Mg oM+ 2Me)ch sin(g) .

Where ch is the center of mass of the system suspended

below the ball joint.

2
. b(2MS+1~1h)+n'LL+2pwtbL+pvrt(1 - b)
cg M, +M +2M_+2M_+2M

Qe can now be expressed as
Q, = -lb(ZM M )+1M +2putbli pwt(l - b)?] sinCe) .

In calculating the generalized force due to a variation
in 1, the frictional torque in the bearings of one negator

spring spool is assumed to be of the form

[+

T = —(Dm o + - Tf)
Y

The frictional torque contains a viscous friction term
and a coulomb friction term. It will be assumed that these
are independent of the load applied to the bearing because

the variation in the bearing load should be small.
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The frictional force due to this torgue can be written

f-= %;- making the substitution ¢ = %;.

The frictional force due to the bearings in the spools is

The generalized force due to a variation in 1 is

_ 1,1 .
-Ql = (2Me + Ml)g COS(e)—2<Dm }-{‘2— + m Tf) -F .

Substituting the expressions for M, and R into the
above equation, Ql is found in terms of the generalized co-

ordinates.

2[Dmi + —%;-T
[1]

t 2

-F

Ql=[29wt(l—b)+ML]g cos(8)-

£ (Lb-1)+ 2
n S

Derivation of Dynamic Equations

-Using the method of Lagrange, tnree dynamic equations
will be derived. There will be one equation for each gener-
alized coordinate cr degree of freedom.

The first equation of motion for the system is
d( aT y _ 3T _ pr

dt X ox
P p
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Then -d—fcl (——"E)=O .
%

It is seen that the coordinate XP can be ignored from
the standpoint of the dynamics of the system. Furthermore,

the above equation is immediately integrable and has the form

—— = const.
%
P
Since the quantity T j5 the momentum associated
%

with the coordinate kp , the previous equation is a statement
of conservation of momentum in the XP direction.
Carrying out the reqﬁired differentiation, this equation

becomes

(Mp+Mh+2MS+2pth+ML)>'<P+(Mh+2MS+2pth)b 8 cos(e)
+ML<i ein(8)+1 8 cos(e)+pwtl(1-b)2 & cos(o)
+2(l—b)i'sin(9)] = const.

The second equation of motion for the system is

d , oT 3T _
"d—_'t"('a_é')“"ge——Qe .

Performing the required differentiations yields:
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2

- r 2
ol ?-pwtcl b3y 12+1h +2T_+pwt (Lib- l)(—(L b- 1)+—§— +"—’—~+b2)]
2
 Bil2pwt1242M 1 - 20wt (EqIAb-1) S + W +b2)]
p Pl e e R 1)

+ ;P[pwt cos(e)(lz—b2)+ MLl cos(0)+ 2b cos(e)

¢ %Mh+MS+pwt(L+b—l))]+ g[b(2MS+ML)+mL+2pwtbL+pwt(l—b)21
sin(6) =

The third equation of motion for the system is

d aT aT _
-= (=) - = Q
ai EXN 1

The evaluation of this equation yields:

2T+ put(DHrD)T E)L+b_1>'+zr§1
{ 2pwt(I-b)+M + LS }

L ELb-1) + p?
™ * S

H

+ ;Eptzpm- sin(e)(1-b)+M. sin(e)]

L
IS -I-pwt(L'*'b—l)[ E(L+b—1)+2r§]
+ EiZ{ 2 2 T }
m L —{lﬁb 1)+r ]
.2 t we 1’5 2 2
+ 6 {pwtl[ 55(L+b—l)+ 17 t 7t b1 - pwtl - MLl}

° 3 t 2
2[0_i+ < sgn(i)Y HLsb-1)4r2

t (Lib-1) + r2
m S

[2pwt(l—b)+ML]g cos(8)-F-
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i 15 FORMAT(17X1HR10X1HPYX 1HF6X4HDER1BXIHREN)

. ——READ(Sr1) (URF+URO*UPO,CD)

APPENDIX B

a LST . e e e s e e e ¢ e e e e

8 FOR MAPS
Cc MAL AIR PAD SUPER SONIC SUBSONIC FLOW

NTMENSION K(10000)«P(10000) +F(6000) »DERL (20000 »NERIT (4000),

1REN(10000) rGAP(20) .
1 FORMAT()
.9 FORMAT{3Xx MIHTHE FIRSY DO_LOOP_RANGE_HAS BEEN EXCEEDED )

“10 FORMAT(3X 42HTHE SECOND DO LOOF KANGE HAS BEEN EXCEEDED)
11 FORMAT(14X 3HURF9XJHUR09X3HUPOIﬂX2HC09X4HS§EMﬂXﬂHULAMﬁXHHRBAﬁ2_
12 FORMATU(10XTE12+6)

13 FORMAT (13X6HUPSTARGX6HURHOSTEXSHCSTARTXUHUGAPBXSHFORCE) __ .

T 14 FORMAT(LOX5E1246)

16 FORMAT(3XI6¢5E10.5)

17 FORMAT (17X1HR10X1HPIX 1HFE6XSHDERLIOXIHREN)

_18 FORMAT(3XI6/,5E10.5)

19 FORMAT (4 ] Hok® ok ok o K deokok ok K ok, ';HQCK wAvE t****#********)
20 FOKMAT (17X1HR10X1HPIX3HREN) )
21 FORMAT(3X16¢3E10.5)

DU FORMAT (L UHR sk b o ok ok ok R oK ok H oK KRR KA K R Kok R R Rk Aok K )

. 25 FORMAT(2X 11HSTEP _IN GAP) __ . o
26 FORMAT (2X39HTHE FLOW IS NO LONGER CHOKED AT ANNULUSY
33 FORMAT(2X 32HTHE FLOW AT THE ANNULUS IS SONIC)

.30 FORMAT(2X 354THE FLOW AT THE ANNULUS IS SUBSONIC)Y

31 FORMAT(15X 3HPI1 9X 3HUMI 7X #HRHOI 9X 4HUGAP 7X SHFORCE)
32 FORMAT(10X 5F12.6)

SF1 UP VALUES TO BE USED IN THIS PROGRAM ____ L
UP IN LB/IN2, URHO IN LB#SEC2/INGs VI IN LB*SEC/INZs GFLOW IN
LR*SEC/INy CSTAR _IN _IN/SEC

ann

GAP(1)=0.0U2
6AP(2)=0.003
CC=7.65E-9
VI=2.5HE-9
URHOOZUPO*CC.
UPAZ14.7
CURHOA=1.145E~7_
PI=3.14159
RAARZURF/ZURO . _ ..
FFZ.0025%
G = 1.4
R(l)=1.
RR=1.0
H=U.005
H=.01 o
SMALL = 0.00001°
A=(FF*xG)/{6=1+) __
H=G-1.0
N=6+1.0
NO 240 K=1»2
N=4 . [,
UPSTAR=0.52683*UPO
_ URHOST=0.6339*URHOO_ __ __
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CSTARZSART L{G*UPSTAR)ZURHOST) .. .. .
UMiz1.
NDFL=.1 X
UGAP=GAP(K)
ICUNDZ=1 e
CK= (24 « ¥V I *URO*ALOG (CURF ZURD) *SURT LG*UPA/URHOA) ) / (UGAP*%2)

-85 PTIT(UMI*CK+SQRT ( (UMI*CK) #*2+4 o xUPA*%2) ) /2.
IFLUPSTAR «GT. PI1) GO TO 80
CPYZTUPO/ ({1 .+ (R*¥UMI%%2) /2, ) %% (G/H) )
IF(ARS(PI1-PI2)~-0.001) 178'178 48

48 IF{PI1-PI?) 60e178¢50

S0 UMI=UMI=-DEL

. 60 TO 45

60 UMITUMI+DEL
DFLEDEL/2¢ . . . e e e — —
G0 TO 4S5

.80._UL.AMZURO*FF/UGAP . e e e e e

IF L(UROZ (2. 0*UGAP) ) . LT+1.0) GO TO 250 .
GFLOW=2.0%3,1416+xURO*UGAP*URHOSTACSTAR*CD
SCFM=(GFLOW*32+174%12.0%60+0)7(0.0753)
C=URO/UGAP e e
Q= (1«0 = AxB*C)

CDFR2 = 160/ (R¥¥2%D*¥Q) . e e

NFR3 = (=1.0)%(4, 0%G) /(Br#3%D**2%Q) + (2.04A%C)/(BH*2*D*Q*%2)
DERYG Z(24.0%*x%x2) / (Bx*x4xD**3%xQ) = (60)/(BH*3¥D%x2%Q) =~ —

1012 0%G*¥A¥C) /(BHxJ3xD*%2%Q*%2) + (6 O*A**z*c**Z)/(B**Z*D*G**S) ¥

o _203.0) /(B ENRR2KQ**F)

C CALC R(1)» R(2)r R(3)

NO 1V0 N = 1.3
F(N) =6 + N*H

1+(UER4*(N*H)**u)/24 0
C_REN(N)=GFLOW/ (2. 0*PI*R{N)*VI*URO) _
PIN) = (1.0/R(N))I*SQRT{(R*D) /7 (F (N) **2=1,0))
SIL1ZUPSTAR®(P(1)=1.0)/(URO*(R(1)=1.0))
E1ZUPSTAR=SL1*URO

_IF(N .EQ. 1)

1TF=243.1416*% (SLI1«URO**3* (R{1)**3=1.0) /3+E1#URO**2%x (R(1)**2-1.0)/2)

M UIN WNEe 1)
181 UPSTAR* (P(N) =P (N=1) )/ (URO*{R{IN)~R(N=-1) )}
IF(N «NEe 1)
1E=UPSTARAP (N=1) ~SL*URO*R (N=~1)
IF(N «NE. 1) o
1TF=2.0%3.141A%( SL*URO**3*% (RIN)**3-RIN-1)¥x3) 734~~~ =~
. 2E*URO**2% (RIN)**2-R{N=1)%%*2)/2.0) +TF
100 NDFRI(N) = (FIN)=G )/(R*x(F(N) **2 = 1.0)*(1.0/R(N) - -
o IAxCx(F(N) - 1.0) D) )
C "STYART ITERATIVE LLOOPS
D0 130 N = 4,2000
FinN) = 6 + NxH
IF (N <EQ. 4) o L
IRI1ZRR+U*xH* (2xDER1 (1) =DERY (2)+2*DER1(3)) /3
 IF(N oNE. 4) o N
JARTSR(N=4) +uxnx {240ER1 (N=-3)~DERL (N-2) +2*DER1(N=1)) 73~

gy g
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110 PERLIN) = (F(N) = G)/(B*(FIN)**2 =1.0)*%(1.0/RL = A*Cx(F(N) - 1.0)))
1)
. HPZR(N=2)+H* (DERY (N=2) +4*DER1 (N~1)+DERL(N))/3
(o © TEST FOR CONVERGENCE
IF(ARS(R1-R2) «LTe SMALL)GO. TO 120
R1=R2
. GO TO 110
120 R(N)I=R2
RFN(N)=GFLOW/(2.0*PI*R(N) *VI*UKO)
PIN} = (1.0/RIN)I*SQART({R+D)/(F (N)**2=1.0))
. SLZUPSTAR* (P (N) =P (N=1) )}/ (URO*(RIN)-R(N-1)))
T e E=UPSTAR*P (N—1)~SL*URO*R (N=1)
TF=2.0%3.141A*( SL*URO**3% (RIN) **3-RIN-1)**3) /5+ ___
1E*URO**2% (R{N) **2=R{nN=1)*%2) /2.0)+TF

SX =SERTU(F(N)Y~1.0)/8) . e e . - e
o .PY v_—f'(N)*((Z « N xGXSX **2)/D-B/0D)
SHUCK = (URHOA*UGAP*x 2% UUPSTAR*#2) / (24 . 0* VI *1JRO*UPA %

1SORT(G*UPSTARAURHOST) ) ) * ((PY x%2— (UPA*£2) / (UPSTAR**2)} ) /ALOG(URF/
20IRO*RIN)Y)) /CD .
IF {SHOCK LTe 1+0) GO TO 18G
1F (DEKL(N).GT.1.0) GO TO 140 _ _
130 CONTINUE
135 60 TO 210 .
S140 M = N+ 1
L= M -~-1
NFR1I(M=3)=1.0/PFR1{(M=~3)
CPFR1I(M=2) =_1.0/DER1(M=-2)__
NEK1I‘M=1) = 1.0/DERI(M-1)
Do 170 N=M» 10000
CeeeRAN) = R(M=1).% (N+1=M)*H
RENIN)SGFLOW/ (2.0%PI*R(N) *VI*URO) L -
F1 = FIN=-U) 4+ 4*H*(2%DERIT(N=-3) = DERII{N-Z2) + 2%DERITII(N-1)V/73 ~
153 NFKLI(N) = (RE(F1%%2=1.0)%(1.0/R(N) ~ A*C*x(F} = 1.0)))/(F1 = G
F?2 = F(N=2) + H*(DER1T(N-2)+ u*DtRll(N 1)y + pERII(NYY/Z3.0 7 77
c TFST FUR CONVERGENCE
IF(ARS(F1 = F2).LT«SMALL) GO TU 160
F1 = F2
G0 TO 150
160 FIN) = F2 . . ) 3 .
PN) = (1.0/R(N))*(SQRT((B*D)/(F(N)#%2-1. 01y
St SUPSTAR* (P (N) =P (N=1) )/ (URO* (K(N)=-R(N-1)))
ESUPSTAR*P (N~1)=SL*URO*R (N=1)
TFZ2.0%3.181R*%( SL*URO**3* (RIN) *+3-R(N=1)**3)/3+
TEAURO**2% (R () #¥2=R(N=1)*%2)/2.0)+TF : ;

SX =SQART((F(N)=1.0)/8) e
PY SP{N)*+ ((2.0%G*SX **2)/D~B/D) Tttt m
SHUCK ={ (URHOA*UGAP* *2%UPSTAR**2) / (24 . 0*V I *URO*UPAx

1SAKRT (GX¥UPSTAR*URHOST) ) ) * ( (PY *£2= (UPA*%2) / (UPSTAR*%2) ) /ALOG (URF/
2(URO*R(N) ) ), /CD o
IF (SHOCK .LTe 1.0) GO TO 180
170 CONTINUE
175 6O TO 220
178 PY=1.0
UPSTAR=PII
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URHOSTSURHOO/( (1. +(B4UMI*%2) /2. ) k¥ (1e/13))
GFLOWS2 e %3 1ulb*URO*UGAP*URHOST*UMI*SQRT(G*PII/UHHOST)*CU
SCFMGFLOW*32.174%12,U%60.0)/7(0.0753) |
1CUND=2
1RO NN = N
MM = NN+1
LL=MM=-1 . oo L R Lo
I= (URF/URO-R{LL) ) /H
Jaeb+l
N0 190 N=MMy.)
RINI=RILLY+(N+1=M) *H
RFNIN)ZGFLOW/ (2. 0%PI*R(N) ¥VI*UKOQ)
Pl =PY *SART (1«0~ (1.0~(URPAZ(PY _ *UPSTAR}) *x2)*(ALOG(R(N)/R(L
LI Y/ALOGCURFZ{R(LL) #UIR0) ) ) )
St SUPSTAR* (P (N)—pP (- l))/(URO*(R(N)~R(N—1))) _
ECUPSTAR*P (N=1)=SL*URO*R(N-1)
190 1F=2.0%3.141A*%( SLAURO**3% (R{N) *x3-R(N-1)*%3)/3+
L _1exUROA 2% (RIN) **2=R{N-1)%%2) /2.0)+TF
200 60 TU 230 ] o
210 wrRiTE(b»9)
220 WRITE(6¢10) L
230 FORCE = TF + 3.1416% (URO**2+UPO ~ URF*¥2xUPA)
KK=L/10 L . T o,
JU=(NN-L) /S
11=(y-MM) /10 . Lo . .
WR1TE(6,11)
WRITE(6e12) CURF e LIROP PO CD v SCFMPULAMr RBAR)
IF(ICOND.FQ.?) GO TO 235
WRITE(He33) o
WRITE(6¢13)
WRITE (6 10) CUPSTARPURHOST » CSTAR P UGAP»FURCE)
T WRITE(615) ’
WRiITE(6916) (N'R(N)'P(N)rF(N)'UERI(N)vNFN(N):N—l-LoKK)
wRITE(6,18) (LeRG D PPIL)PFLL) hDERLIL) »RENIL)) Tt
wR1TE(6017)
WRITE(6r18) (WNeR{N) e IN) yFINY»DERLLINY +RENIN) e N=MeNNe S
WRITE(6218) (NNPKINN) o PINN) o F (NN) +DERLT INN) +REN(NN))
WRITE(6¢19) ST o
60 T 237
235 WRITE(6:30)
WRITE(6r31)
WRITE(6¢32) (P11 tIMIPIRHOST »UGAP rFORCE)
237 wWR1TE(Le20) )
WRITE(6021) (NeRIN)ePIN) rREN(N) s NZMMe Jr T1)
WR1TE(6e24)
240 WRITE(625)
60 TO 260
250 WRITE(6+26)
260 CONTINUE
END
FIN
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APPENDIX C

THEORETICAL AIR FORCE VERSUS GAP CHARAGTERISTICS
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APPENDIX D

c INS10E SHELL ~OPTIMiZATION
€ ____SOLID CORE
[ INDOX VI A
1 _FORMAT()
2 FORMAT (5% 3g10.6) .
_ 1Q_F9RMAT(5X3Hpng6x3HRD!6X3HRDS6X3HR006=gﬂlttxgHT17X2HTZ7XZH'M
17xzuus7x2nw=vx;uw7) T
_1) PORMAT(2X 311E9.4
12 FORMAT(1NX2u=M1nx2HF51Ox2uFC1OXZHFLIOXSHFGIOXSHFquszFTIGXJHPHIEXJHGSPI
B 13HGAP) R
Y FORMAT (5% 9£12.5)
< ALL _INPUTS mUST BE IN THE FOLLO¥ING UNITS LENGTH{INCH) ¢ rLUX
€ DENSITY{GAUGS) \MAGNETIC INTENSTTY (OERSTEDTIDENSITY IPOUNDS PER™ ™
€. __INCH_CUBE) +PERMEABILITY(GAUSS PER OERS Tedy
c ALL CALC ARF IN .MKS SYSTEM
_ DEL=.1
DELw,015
DEL=DEL*. 02508
Ea.01
SMALL--DOOI
e _..BMALLsO.00Y L .
SMAL)L ».00N01}
Pl=3,1U159
Uti=g,
U21m=1. o
POy, n*P!*ln.O**(-7) Tt
CLEAR=0,0 o
“ELELR=CLEARSO 0251
70-0009
TO-TO#n.nZsU
STEP=0.0N1

e _X-O.nO& I _
XuXk0o0254 TR T

. KKm26

c IRON PROPERTIES
__RHOS=0,28

PiVves6N,0
TPi{vepIVRPO
PIR=23UT7.0
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c 1

PIR=PIR%PO

BIMAXS 14000, N
BIMAX=BIMAX&10.0%%k({=4)
NDOX VI A PRAPERTIES

PHOM=, 162

RHOM=RHOMAL ,UUB/{0.N25L%%3)

" PMR=1.M8

€T F1

PMRaPMR®PO
HOM=3000,
HOM=HOMET79.5R

BMMAX=J3280.n
HMMAX:BM"AX*!0.0##(—“)
LLER

RHOF=0+0361
RHOF=RHOF %4 ,LUB/ (0,02584%3)

€ GEOMETRY

1

"€ TCAL

READ(511) (RP2 s TM(RDO)

__ YRITEUl6:12) (RN2+TMeRDO)

RD2=0D2xN, 0>8Y
TMaTMEN.N254
RDO=RDO%XN, 0258

lngsoRTl(EMNAXtRDZt*Z*B!MAXtRDOttz)/(BIHAX¢BMMAX))

RRDIx=RR1+0.nN025u
_RD1=RRD1 e
PHI!:O-

AMaP 1 (RD2%%2-RD{*%2)
RMmTM/ (PMR%AM)

VOMeHOMETM

___T2=RD3~RDO

T Y1=BPMAXKAM/ (PTSRIMAXRD32 )

.TCc=T1
C TOTAL VEIGHT
IF(T1.LTaTO) TO=T1

‘SLe(TO-T11/(RD2-RD3)

‘PD3=SORT ( (BMMAXKAM+BIMAX*P 1 kRDO*%2) /7 (BIMAX*PT))

V1-2.ntP1*(<L*(RnZ#tJ-RDB**S)/3~ﬂ+(71-5L*R03)t(RDZ**Z*RDS#*Z)/Zc’

WSeRHOSK (PIx{ TM+CLEARST1) % (RO3%*2.RDO**2) V11

YMERHOMKAMETM

TaWS+RMEWF

€ TTTELOSED CIRCUIT CALC
RS1=(RD2-RO{)/(AM+2. *PI#RD1*T1)

RS2aALOGIRDI/RN3)1/(2+%P1%T1)

'rF-RHOF*PI*,TM+CLEAR’*(RDI**Z-RDS*#Z)

RS3=(T1+T2) /{8, % (RD3*T14(RO3-T2/2,1%72})
TPSURTM/(2.%P1* (RR3-T2/2,3%T2)

RSVe({RS1+RS2+R§34+R5UI /PIV

RCim(RD2-RD1 17 (AM+2,,%PI%RD1*TC)

‘RC2aPS24T1/TC

__VSi=RSVACSL

RE3w(TC4+T2) /(B8 (RDI*TCH(RD3-T272,)%T21)

RCV=(RC1+RCO+REIY /PIV

TRLaRS2&TI*2 .0/ (POXTM) T T T

RLPRCV=RL+ReV

€CS1=VOMRRLPRCV/ ( (RM4+RSV)*PLPRCV +RL¥RCV)
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120 PHIRCI=FT/WY

TPGIPE1e /12, wP1%POK (RD3-T2/2,) %72}

. ____IF(PHICOM L1 Te SMALL}) GO TO 150
£10 20 1=PD1+E

VCInCS1%RCVRRL/RLPRCY
CCi=VvC1i/RCV
RS=RSV*PIV/PTR
RPC=xRCV*PIV/PIR
VOSu(S1kRS~uS1
VOCwCC1%RC-vC}

RG2P= 1.0/ (PO¥AM)
RGP=PG1P+RGHP
Ri=RM+RS+RL
RLSQ=RL%*2
RGiluX%RGIP
‘RG2nX*RG2P

R2=RG1+RG2+RL +RC

CMm (R2% (VOM4VOS) +RL&VOC) / (R1#R2-RL. SO}
CCm{VOCH+RL*rM) /R2
CL=CH+=CC

CMP--RLtPGPt(RLt(VoMfVOS)+R1tVOC)/((RI‘RZ—RLSO)**Z)

CCPx (R2ARL¥eMPw (VOC+RL*CM ) #RGP )/ (R2%%2)
CLPmCMP-CCP
FMuRMECMFCMP=VOMECMP
FSERSECM*CMP=VOSHCMP
FC=RCHRCC*CCP-VOCH*CCP
FlLeRL*CL¥CLP

FGiu (RGIP*Cr**2) /2+4RCI*CCHCCP Tt
FTuFMFS+FCLFL4FGL1+FG2

IF(ICOND +Ene 3) GO TO 130

1FLICOND +Ene. 2) GO TO 120
PHICOM=ABS(FT/WT-PHI)
PHI=FT/WY

GimPHIRDY~PR1I
RD1=ROL-E
TMuTV4E
AqcoNDed
G0 YO 100

130 PHITMRET/WT

WD DEL=PEL/2,

2wy kU237

THuTH-E"
G2uPHITM=~PH
D=SoPT{GIxk2+G2%%2)
AN1=Gl/O o .
Wi2=G1/ABSIG1)
B22=G2/APS(G2)
©1il=Uf 1%U12 L
MF((CL «LTe 0) <ANDs (02 LLT, Q1) GO TO 140
GO TO 148 Tttt Tt o
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E=E/2,

145 RDI=RD1+ANI%DCL
TM=TMEAND*DFL
ICOND=1
Uti=ut2
UZI-UZ? L

G0 TO 100
§50 CONTINUZ )
RD2E=RD2/0.0254
RDIE=RD1/0en254
RD3E=RD3/0en254
____RDOE=RDO/N.n254

"'—"4NE-TM/0.GZRU
TIE=T1/0. 0254
T2ERYT2/0.02x0
FMF-VM/Q.UUR
‘5E=V5/u.kﬂn
~ WFZaVE/U48UR

YTE=¥T/4.Ulgn
YRITE(6410)

TTTTTTWRITE (64110 (RD2EVRDIE RDSE (RDOE STHE S T1E  T2€  WHE I WSESKFEINTET

"""""""" YRITE(G¢ 13V IFMEVFSEVFCEIFLEWFGIEWFGREWFTEPHT X)) 777"

FR!TE(6'12)

FE‘-K—!

T ¥epBaSTEP™
RG1sY*RGIP
"RG2= (X+CLEARY ¥RG2P
R2=RG14RG2+RL+RC

"""""""" FG1=(RGIP*CC**2) /2+4RGI*CCRLCP

CMa(R2¥ (VOMLVOS) +RLEVOC ) Z (R1xR2=RLSQ}"
_CCetVOCH+RL¥CMY /RD

TCLmeM-CC

CMP--RLtRGPt(RLt(VOM*VOS)+P1*VOC)/((RI*RZ—RLSQ)‘*Z’ .

T T ECPE tR2XRL KNP IVOCHRL*CM) &RGP) / (R2#%2}
CLPaCMP=CCP

EMaRV&CMRCHP~VOMECMP

FS=RS*CM*CMp~VOS*CMP

TTTTRC=REXCCRCCP-VOCRCCP

FL=RL*CL*CLP

623 (RG2P#Cr**2) /24RG2XCCHCCP

FTsFM+FS+FC+FGLIeFG2 ~ 7 o i T
FMESFM/U, blg

FSE=FS/U4,48n
FCEmFC/4.U4R
ELexFL/uullp”
FGIE=FG1/8.448
FG2ExFG2/7U ulB
FTE=FT/U, 4l

PHIaFTE/¥TE
XmX/0e0254

180 CONTINUE .
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A LST e e e e e e e e e
A FOR MAG
C. MAGNET SHELL OPTIMAZATION AND FORCE PROG INDOX V____ __ _ _ . __ .. __._.

1 FORMATL( )
12 FORMAT(SX 2HFM 7X 2HFS_TX. 2HFC 7X 2HFL 7X 3HEGL _6X_3uF62 6X_ 3HEFF
15X SHREACH Sx 3HPHI 7X 2HFT 7X 3HGAP)

13 FORMAT(2X 11F9.4)
14 FORMAT (14X 3HGAP)
.15 FORMAT(10X F10.5) .
16 FOKMAT(5X 3HRDL AX 3HRO2 6X 3HRD3 6X 2HTM 7X 2HT1 7X 2HTZ2 7X 2HWM

C. 27X 2HWS TX 2HWP 7X 2HWF TX 2HWT_7X 2HFT 7X 3HPHI) __ . . .

17 FORMAT(2X 12F9.4s+E12.6)

19 FORMAT(5X 3E10.5) _ . . e

c ALL INPUTS MIIST HE IN THE FOLLOWING UNITS LENGTH{INCH)» FLUX

C_. . DFNSITY(GAUSS) »MAGNETIC INTENSITY{OERSTED) »DENSITY(POUNDS PER _

C INCH CUBE) »PERMEABILTITY(GAUSS PER OERSTED)

PI=3.1416
POSUXPI*R1N e Ox*=T7
L=u .
CTINYS1000 L e e
TINYSTINY*10.,0%%-4
CLEARZ0.000
CLEAR=CLEAR*(.0254
e __.STEP=Q.0D0Y
STLP=STEP*0,.0254
CSMALL=1.0 B-7 L Ll L.
SMALL=0.0001
_ NN=3
KK=26
C.___"_ IRUN PROPERTIES _ _ e
RHUS=0.280
RHUSZRHOS*4 .u448/(0.0254%%3)
PIV=1170.0
________ PIRESOU e O
RIMAX=14000.0
______ wIV=PIV*PO_
PIRSPIR*PO
o RTMAXSHIMAXK1O** =4 _ e
C INDOX V PRUOPERTIES
RHUM=.181
PMV1=1.05
PMV2=26.3
PMRK=1.05%
T TTHOLZAR60.0
HOz2=2200.0
RINTZPMVI*PMy2% (HO1-HO2) / (PMV2=-PMV1)
BMMAX2=380L0.10
RHUM=RHOM*4 ,u48/(0«0254%*3)

PMV1=PMV1*PO - T

PMV2=PMV2¥P0 _ . o S

PMR=PMR*PO )
 HO1ZHO1%79.58 e N . e
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_AMMAX2ZBMMAXP*10. 0% =4
“PLUG MG AND FILLER EPOXY
 RHUPZ0.06% _
RHUF=0.0361
_ RHOPZRHOP*4. 4487 (0« 0254%%3) _

50
_585

_.D0 180 _Nz1eNN

HOZTHO2%79.5R e e e e

HINT=RINT*10. 0%*-t

RHUFSRHOF*4 . 448/ (0. 0254%%3)
RNU=0 .25

KRNUSRDU*0. 0250
INITIAL GEUMETRY
RFAD(SDI)(RD?:RD]!TM:AK)
RN3=RND2+0.500
RN1=RD1*D.0254*AK
_RDZ2ZRD2*0 . 0254 *AK

! g g Y

un: RD3*0.0254*%AK

JCOND'l

DEL=.05
_DFL=U.01

NFL=0.1
NELSDEL*0. 0254 e

E=V.00001

E=U.01

ExVU.1
ESt*x0.0250

N=1.U/E
PH1z=0.0V

X= (N+4 ) *STEP
U31=-1.000

WRITE(6e1u)
XF=EX/0e0254

WRITE(615) (XE)
WRITE(Br16)

AM=PI* (RN2**2=RD1**2)
RMMAX=HBMMAX2 .
TP=BMMAX*AM/ (2P T*RDA*BIMAX)
IF((RN3-T2/2.=-RD2) LT« 0.0) RU3ZRD2+T2/2.+0.0001

PFRO1=2.0*PO* (= ((RD3+T272+T2*RD1/ {RD2-RD1I T *ALOG (TRD3-T272.0~
1RN2)/ (RD3+712/240~-RD1)))/(1.0+T2/(RD2=RD1) ) =3+ 0x(RD2-RD1~ -T12)/4.0)

PFROZ2ZP I*PO*TM/ALOG ( (RD3~T2/2) /RDZ)
RO=1,0/{PERO1+PERO2)

VO1ZHOL1*TM
VOZSRO2*TM

RM=TM/ (PMR*AM)

RO TN/ (PMV L RAM)
ROM2=TNM/ (PMV2*AM)

 CINT=RINT*AM e
CF=V01/ (ROM1+RO)

_ . IF(CF «GT. CINT)_GO YO 60 __
CF=v02/ {ROM2+RO)
60 VF=—-RO*CF o [

RF=CF/AM
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e 7O _TIZT2*RD3/RD2. .
Lo

<.

TTTCC=(VOCHRLXCM) /R2

.m__CLOStD CIRCUIT. CaALC. __.

CHFEZVF/TM et e e e e e e ama e e mmm
VOM==VF +RM*CF

_AMMAX2SPMR*¥VOM/TM, e e
COMPHM=ZAHS ( BMMAX~BMMAX2)
IF(CUMPBM «LTe TINY) GO _TO 70
‘60 TO 95

TC=T1

CALC _TOTAL WFIGHT.
M—RHOM*AM*TM

WSZRHOS*PT*{ ( (RD3+T2/2) *%x2-RD1%*2) #T1+2%RDI*T24TM) _

H T RPZRHOP P T * (RD1#%2=RNO**2) % (TM+T1)

WFSRHOF*PI* ((RD3=T2/2) ¥*2~RD2%*2) *TM _
WTSWMHWS+HP+WF

-RS1={(RU2- RO1)/Z(AM+2+PT*R024T1)
_RSZSALOG((RD3=T2/2)/RD2V/(2*PI*TY
RSIT(T1+T2)/ (4% ((RD3-T2/2)*T1+RD3I*T2))
CRSHETM/ 2P I#RD3xT2)
TRSVZ (RS1+KS2+RS3+RSU) /PIV
RC1IZ(RD2=RDL1Y Z(AM+2*¥PT*RD2*TC)
RCZZRS2*T1/TC
CRCASHTCH+T2)/(4x({RD3=-T2/2) *TC+RNI*T2))__
RCV=(RC1+KRC2+RC3)/PIV
RILZRS2*T1#2.0/(PO*TM)

RIPRCV=RL+RCVY

- CS1ZVOMXRLPRCVZ ( (RM#RSV ) *RLPRCY _+RL*RCV)
VS1=RSV*(CS1
VC1=CS1*%RCV*RL/RLPRCV . . . .. ...
Cc1=vCl/RCY
CRSTRSVAP I/ P TR
RC=RCV*PIV/PIR
.NVOS= CS1*RS-vSY o

VOCE CC1%RC—vC1
CRG1IP=1.0/(2%PI*#PO*RD3*T2)

RG2P=1.0/7 (POxAM) N

RGP ERGIPHRG 2P
R1=RM+RS+RL

_RLSQ=RL*%2 e

RGL=X*RG1P

C RG2=X%2RG2P I

RP=RG1+RG2+RI_+RC

CM=(R2* (VOMTVOS) +RL*VOC) / (R1*¥R2=RLSQ) .

CU=ECM=CC
CMP=~RLARGP* (RL* (VOM+VOS)+R1%VOC)/ (IR1*R2-RLSQ) *%2)
CCP=(R2*RL*CMP—-{VOC+RL*CM) *RGP) / (R2%%2)
CILP=CMP-CCP I

- "FMSRM*CM*CMP~VOM*CMP
FSTRS*CM*CMP-VOS £CMP
FCIRC*CC*CCP-VOC*CCP
FL=RL*CL*CLP

_ FGI=(RG1P¥CC**2) /24RG1*CC*CCP
FG2=(RG2P*CCx*2) /24RGR*CC*CCP
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FTSFM+FS+FC+FL+HFGLIFG2 e e e
GO TO 104

102 WRITE(6r12)
NO 103 KZ19KK

X={K=1)*STEP el
RG1=X*RG1P
CRGREAUXHCLE AR ¥RO 2P e e e

R2=RG1+RG2+RI.+RC
_CM=(R2* (VOM+VOS) +RL*¥VOC) / (R1*R2~RLSQ)
CC={VOC+RL*CM) /R2
€1.=CM-CC L
CMPZ~RL*RGP* (RL* (VOMFVUS ) +R1*#VOC) 7 ( (RL¥R2~RLSQ) *%2)

TT T TCEPS(RZ*RLACMP={VOCHRL #CM) *RGP) / (R2%%2) _

CtL.P=CMP-CCP
. FM=RM*CM*xCMP=VOMxCMP___
FSEZRS*CM*CMP-VOS*CMP
e L FCERCRCCRCCP~VOC*CCP e
Fl SRL*CL*CLP
o FGL=(RGLIP*CCx*2) /2+RGI*CC*CCP_ __ e
FG2=(RG2P*CCx*2) /2+RG2*CC*CCP
L FMEFM/ZG 0448
FSTFS/74.44U8
B ot o 4 Y T TS
FI=FL/74.448
. FG1=FGl/u4.u4un . i
- FG2TFG2/4.448
o FYSFMtFSH+FCHFLHFGL1FG2
PHI=FT/WTE
X=X,/U-025‘4 oL L _ i

EFFSFTxX/WME
N __RFACH=X/SQRT(FT)
WRLITE(6e13) (FMIFSPFCeFLIFGLIFG22EFF»REACH!PHI»FT ¢ X)
_3103 CONTINUE __
G0 Tu 180
104 IF(ICOND .EQ. 4) GO 70 130

PHICOMZARS (FT/WT-PHI)
PHLISFT/WT _

L=L+1
_ .. IF{L .E@. _10) 60 _TO_10% _
GO TO 108 T
105 TWRST /00208
’ T2e=F2/0.0254
RNDLE=RDL/0.0054
RNZE=RN270.0254
- = RNBEZRD3/Z0. 0254
TME=TM/0.02b4 o - - -
wWMESWM/4.LuU8
WSE=WS/y.uug T T T e m s me e e e e
wWPLZwP/4.448
™ = =7 [ = T Y T
_ WTESWME+WSE +WPE+WFE
FTESFT/4.448 TTTTmmTT T -
WRITE(6+17) (RD1ERD2E»RD3E» TME» T1E ¢ T2E ¢ WME » WSE ¢ WPE » WFE'W1E0FTEvPH
1)
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Ko e mm emie m e Mt o et et e 4w mee s == = = A a m e m M e —— e m

e :RITE (6019) (CRFPHFPCOMPBM) L.
=0 .
o IFC(PHICOM_ o Te_ SMALL) +AND. (N _.EQ. 2)) GO TO 102
IF(PHICOM «.LT. SMALL) GO TO 180
108_ICOND=4
RN3=RD3+E
. B0 N0, B0 e e
130 PHIRU3=FT/WT
_ 63=(PHIRN3-PHI) /(E*D)
RN3ZRN3~E
_______ D=ABS{G3) e e
U32=63/ARS(G3)
. O3TU31*U32

IF(Q3.LT.0.0) GO TO 142
. .60.70._145
142 -DEL=NEL/2

IF(RD3+.6T+.RD3MIN) GO TO 148
e RD3=ROIMINY0,.0001
148 CONTINUE

-... 60 TO 50
180 CONTINUE
——ENO_ .
FIN
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